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ABSTRACT 
In insects. the enzyme phenol oxidas~ is involved in the 
hardening and darkening of the outiele. a~osoph1la phenol 
oxid.ase occurs in a latent form. Phenol oxid.ase activity ts 
produced as a consequence of the interaction of several pro-
teins. qhr~e of these proteins are designated as the A com-
ponents (A1 • A2 • and A3). A quantitative assay for the A 
components has been developed. The A1 component has been 
prepared in stable and highly purified. form by gel filtration. 
preparative electrofocusing. and preparative electrophoresis. 
No major contaminants could be detected by analytical poly-
acrylamide gel electrophoresis. analytical eleetrofocus1ng, 
SDS gel electrophoresis. and analytical ultracentrifugation. 
The A1 component has a molecular weight cf approximately 
77.000 d~ltons and an isoelectr1o point or 5.1. The 1so-
eleotrie point of the A2 component is 6.o, and its molecular 
weight is s1milar to that of the A1 component. The A1 com-
ponent has no detectable phenol ox1dase activity and cannot 
be converted to active phenol oxidase by the S (salivary 
gland) component. The A1 component contains approximately 
0.15% eo~per and does not contain large amounts of ratty 
acids or phosphate. The amino acid composition of A1 is 
reported. Microheterogeneity was observed in preparations 
of purified A1 • The relationship of the A components to 
active phenol oxidase and the mechanism of the activation 
vi 
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INTRODUCTION 
Adaptations involving the insect integument depend upon 
precise developmental control of morphology, toughness, 
pigmentation, and permeability. The great success of in-
sects is associated with the evolution of a vast variety or 
euticular structures. It 18 therefore not surprising that 
intricate and tightly regulated enzyme systems have evolved 
to meet the strict demands of cuticle synthesis. Insect 
cuticle is characterized by a layer, the epicuticle, com-
posed of protein covalently crosslinked by oxid.ized deriva-
tives of phenolic compounds (1). The enzyme phenol ox1dase 
cataly~es the oxidation of phenolic substrates by molecular 
oxygen. The resultant quinones are exceedingly reactive. 
They can enter into polymerization reactions and into cross-
linking reactions with cutieular proteins. As a consequence, 
~ 
the cuticle acquires pigmentation and ri~idityK This thesis 
will be eoncerned with the complex phenol ~xidase system of 
arosoplz~ melanogaster. In order to provid.e a background 
for the discussion of Drosophila phenel oxid~seI the follow-
ing introduction will consider the comparative biochemistry 
of phenol- ox1dase with special emphasis on insect phenol 
oxidase and 1ts relation to cuticle structure. Note will 
also be taken of the frequent instances where organisms are 
protected against the extreme reactivity and even toxicity 
... 
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of quinones by maintaining unneeded phenol oxidase 1n a 
latent ~ormK 
Nomenclature and Reactions. 
The enzyme activity which is identified as phenol 
oxidase in this thesis has been called tyrosinase, pheno-
lase, phenolase complex, dopa oxidase, polyphenol oxidase, 
cresolase, and catecholase by various authors (12). The 
systematic name 1s o-diphenol1 o2 oxidoreductase (E.C, 1.10. 
J,1 ), and it 1s to be distinguished from the similar en-
zyme, lacease, or, p-diphenol1 o2 oxidoreductase (E.C. 1.10. 
J.2) (2). 
Phenol ox1dase catalyzes two distinct reactions. The 
first 11!:1 the oxidation of o-d.iphenols to o-quinones, some-
times referi-ed to as the catecholase act1vit:r. The second 
is the ortho hydroxylation and oxidation of monophenols, 
sometimes referred to as the cresolase activity. The ability 
of a single enzyme to catalyze two different reactions has 
intrigue-i biochemists for over thirty years and has led to 
extensive research on phenol oxidase. 
Fungal Phenol Oxidase. 
At the present time, the phenol oxidhses of the common 
edible m~shroom have been studied in greatest detail. Their 
properti~s are similar to the phenol oxidases which have 
been subsequently examined, and most data pertaining to the 
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question of reaction mechanism come froM this system. Con-
sequently, it will be useful to examine the mushroom enzyme 
in some depth. The mushroom phenol oxidase literature has 
been reT"iewed several times1 unfortunately none of these 
reviews are recent (3, 4, 5, 6, 7). 
Over the years a number of laboratories have contri-
buted purification schemes for mushroom ph9nol oxidase. 
Early schemes based primarily on salt and organic solvent 
fractionation techniques have been improved by the intro-
duction of DEAE-cellulose and hydroxylapat1te chroma~ography 
(8, 9, 10, 11, 12, 13, 14, 15, 16, 74). Although some con-
flicting results have appeared., most of these conflicts are 
now resolved, and a fairly coherent summa~y may be presented. 
Mushroom phenol oxidase preparations contain four iso-
enzymes named, according to Bouchilloux et al., a., ~K y, and 
6 (8). They can be resolved on DE.AB-cellulose (13) and 
hydroxylapatite (17). qhe~K y, and 6 forms share a sed-
imentation constant of 7.2s, while the a. form sediments at 
6.7s. From sedimentation and diffusion measurements, the 
~K y, and 6 forms have a molecular weight of 123,800 daltons. 
Kertesz r.nd Zito reported a somewhat smaller s value for 
their preparations (s2o,w=6.)), but the calculated molecular 
weight of l?.8,000 daltons is similar (10). Frieden and 
Ottesen agree with the larger value (s20 ,n=7.3) (9). When 
sedimentation of t3 phenol oxid.ase was carried out in SDS, a 
2.57s peak appeared suggesting dissociation of a tetramer 
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(124,ooo daltons) into a monomer (Jl,000 daltons). Under 
some chromatographic conditions, the monomer (17) and dimer 
(15) may be isolated directly. The monomer-multimer equi-
librium has been studied by starch gel and polyacrylamide 
gel ele,.,trophoresis, as well as analytical ul tracentr1fuga-
t1on (lG). Although aggregates up to the dodecamer have been 
observed, the tetramer is the dominant species observed for 
the ~-1aozymeK The equilibrium is strongly dependent on pro-
tein concentration. Dissociation is promoted by SDS, urea, 
EDTA, succinylation, acetylation and iodination. Although 
a claim has been made that the monomer is enzymatically 1n-
acti ve, the question of the enzymatic activity of the vari-
ous associated forms cannot be resolved on the basis of the 
present evidence (19). In general, the authors cited above 
agree that mushroom phenol oxidase conta1.ns about 0.2% cop-
per, cor:':"esponding to one copper atom per monomer. 
The origin and significance of the phenol oxidase iso-
zymes is a perplexing problem. The first major difference 
between them, other than the chromatographic behavior which 
permits their separation, is substrate specificity. The 
ratio of specific activities for p-cresol and catechol as 
substrates varies over two orders of magnitude for differ-
ent fractions (8, 17). This variability does not merely 
result from a preponderance of o-diphenol ox1dase activity 
over monophenol hydroxylase activity 1n c~rta1n fraot1onsa 
the effect can be reversed by using other substrate pairs. 
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Thus n phenol oxidase has a much lower specific activity 
with catechol than y phenol oxidase, but with DOPA as sub-
strate n phenol oxidaae has a higher specific activity than 
the y form. Similarly, Long ~ .f!.!., found. that their iso-
zyme fraotions were distinguishable not only by the 
p-cresol to catechol specific activity ratios, but also by 
the ratios for J,4-dimethylphenol and p-cresol, DOPA and. 
p-cresol, and oatechol and DOPA {lJ), A more subtle diff-
erence between the isozymes was uncovered by Dressler and 
Dawson ~ho studied the exchange of phenol oxid.ase copper 
with radioactive copper (20, 21), All prepa1·ations failed 
to exchange copper in the absence of substrate, but in the 
presence of substrate, the high cateoholase samples ex-
changed copper freely while the high cresolase samples ex-
changed at a much lower rate, The n, ~K y, and 6 isozymes 
are barely resolved by analytical acrylamide gel electro-
phoresis (17), The$, y, and 6 isozymes have an identical 
or nearly identical amino acid composition. Moreover, their 
tryptic peptide maps are indistinguishabl~K All four con-
tain only a single N-terminal amino acid, isoleuo1ne, and a 
single C-terminal amino acid, valine, The ~ isozyme is the 
only one with a distinct chemical composition, having higher 
threonine, praline and tryptophan content. It will be recall-
ed that the n form also has a lower sedimentation constant, 
However, the differences 1n substrate specificity between 
the ~K y, and 6 forms cannot clearly be eYplained in terms of 
protein 3tructure. 
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Two classes of explanations for the multiple forms may 
be considered on the basis of the available data. The first 
is genetic heterogeneity, an attractive possibility which 
has been confirmed for Neurospora phenol oxidase and which 
Fling et !!.!.• suggest may account for multiple forms in mush-
rooms (22). There is no real genetic information on the 
commercial mushrooms generally used.. Single amino acid sub-
stitutions which might affect enzyme acttvity could have gone 
undetected in the analyses mentioned above. The second class 
of explanations is modification during purif 1cation. Some 
of the forms may be derived from one native precursor by 
chemical mod1f1cation, partial denaturation, or subunit ex-
change. In this regard 1t is worth considering some of the 
peculiar properties of phenol oxidase which complicate its 
manipulation in the laboratory. Phenol ox1dase can aot on 
tyrosyl residues 1n peptides (75) and enzymes (23, 24) with, 
in some cases, alteration of the catalytic properties of the 
oxidized proteins. It 1s possible that d.uring isolation 
phenol oxidase might act in this fashion on itself, thus 
producing artefactual derivatives. In the presence of sub-
strate, ~ condition which is unavoidable in the early stages 
of any phenol oxidase purification, enzymatically generated 
quinones may react with the enzyme. This is the generally 
accepted basis for the commonly observed phenomenon of phenol 
oxidase inactivation during the oxidation reaction. This 
concept has been supported experimentally Ly Wood and 
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Ingraham who showed. that phenol oxidase covalently binds 
l-14c-phenol during oxidation ( 25) • Nakamura reported. the 
separation of two phenol oxid.ase fractions on DEAE-cellulose 
one of which was substantially darker than the other (15). 
He suggested that it had reacted with qu1nonoid. substances 
during isolation. Thus phenol ox1dase represents an unusual 
case of an enzyme which can be modified and even inactivated 
by the products of its own activity. Other mechanisms for 
generating artefactual isozymes such as partial denaturation 
or subunit exchange between true 1sozymes can be considered, 
but no evidence is available to support these possibilities. 
The final topic to be considered in regard to mushroom 
phenol o:\'.idase is reaction mechanism. It has proven d.iffi-
cult to construct a model for both the mono- and diphenoloxi-
dase activities which is fully consistent with the experimen-
tal data. The problem still cannot be regs.rd.ed as near solu-
tion. The earliest studies of phenol oxid.ase revealed the 
key role of copper ( 11, .26, 27) • Removal of copper lead.s to 
inactiva·.;ion which can be reversed by cupric ions. Assuming 
the copper to be in the cupric state, a reasonable mechanism 
involves cyclic reduction and oxidation of coppers 
+2 +l EnzCu2 + o-diphenol~bnzCuO + o-quinone 
bnzCu~ 2H++ toO~bnzCu~O+ H2o. 
However, this sort of mechanism has been essentially ruled 
out by the discovery that the copper in phenol oxidase is in 
the cuprnus state (8, 15, 28), While there are some diffi-
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culties in the determination of the oxidation state of cop-
per in cuproproteins, reports from a number of laboratories 
agree that phenol oxidase copper is in the cuprous state 
(29). Some cupric copper may occur in aged preparations, 
but enzyme containing cupric copper appears to be inactive 
(8, 12). 
The following observations place additional constraint 
on reaction me chanisms. The oldest of these -is the lag 
period observed in the oxidation of monophenols which is 
absent when diphenols are used as substrates (11, 30, 31). 
Addition of catalytic amounts of a diphenol to the reaction 
mixture eliminates the lag period, but th is effect, which 
has been given great weight in the modeling of reaction 
mechanisms, is non-specific. Other reducing agents, such as 
ascorbic acid and DPNH also eliminate the lag period. To 
further confuse matters Karkanis and Frieden have reported 
that no lag period occurs at all with their purified prepa-
rations (32). Furthermore , they found a protein factor which 
is removed only in the last step of the purification. When 
added back to pure enzyme this factor restores the lag period 
and inhibits activity. The inhibitory factor also inhibits 
activity on diphenolic substrates. No further publications 
confirm this report. 
Another observation relevant to the reaction mechanism 
18 
was made by Ma s o n e t a l. wh o used O tracer methods t o 
identify the source of the substituent hydroxyl group in the 
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monophenol oxidation reaction (33). They obtained. quite 
unambiguous results. When H2
18o was used in the reaction 
mixture, no 180 was incorporated into the product. However, 
when 1UoO~aa used, the oxygen incorporated into the product 
was labeled.. Considering the possibility that a semiquinone 
might be the primary reaction product, Mason et al. used. an 
ESR spectrometer equipped. w1 th a flow cell to look for free 
radicals in the reaction mixture (34). The concentration of 
free radicals found was too low to support a free radical 
mechanisma those found evidently arise from d1smutat1on of 
quinones. Wood and Ingraham using tr1t1ated J,4-dimethyl-
phenol measured a slight but significant isotope effect (35). 
They conclude that hyd.roxylation must be a rate 11mi ting 
step and attribute the low magnitude of the effect to 
acceptance of the leaving hydrogen ion by a b~sic group on 
the protein. 
Before proceeding to a consideration of specific models 
for the phenol oxidase reaction, it is necessary to deal with 
the relation of the cresolase and catecholase activities of 
phenol oxidase. In general it is agreed that both of these 
activities are indeed properties of a single protein inas-
much as highly purified preparations retain both activities. 
Kertesz has favored the idea that the hydroxylation reaction 
is altogether non-enzymatic and is brought about by the 
quinones produced by diphenol oxidation ( 36). He has ad.-
duced kinetic data in favor of this view. In light of the 
-10-
preparation of specific 1sozymes with varying eresolase to 
catecho1ase ratios, the 18o2exper1ments cited above, and the 
stereospeeificity of the hydroxylation reaction (37), most 
workers agree that Kertesz• position is untenable and that 
phenol oxidase plays a true catalytic role in the hydrox-
ylation reaction. Granting then that both reactions are 
catalyzed by the same protein, they may occur at either the 
same active site or at two different active sites. The 
only data favoring the latter concept are the copper exchange 
work cited above, and no detailed two site model has been 
proposed. 
Several single site models have been brought forward. 
(38, 4). Most authors assume that the first step in the 
reaction is the formation of a copper oxygen complex comps-
rable to hemocyanin (43). This concept has been supported 
by kinetic d.ata (41). Malmstr~mI drawing analogy with cop-
per-benzene complexes, has suggested that the role of cop-
per may be substrate bind.1ng not oxygen activation { 39). A 
copper-oxygen complex might hydroxylate monophenols as fol-
lows (74)1 H+ 
+l +l +2 -2 Enzcu2 + o2----7Enzcu2 -o2---?Enzcu2 -o2 ) 
bnzCu~O-ooe-l 
+2 -1 EnzCu2 -OOH + monophenol~o-dK iphenol + 
+2 -2 Enzeu2 -o . 
Ox i dation would then proceed1 
+2 -2 +1 o-diphenol + Enzcu2 -0 ' ")-o-quinone + En zcu2 + H2o 
Authors who ascribe i mportance to the l ag period attempt to 
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explain it by reduction either of copper (4) or of an un-
known electron carrier on the protein (39). The first pos-
sibility is inconsistent with the observation that the cop-
per is already reduced in the resting enzyme, and the second 
lacks experimental support. Specific mechanistic models can-
not be properly evaluated since there is no direct evidence 
of copper oxygen complex formation or copper oxidation state 
change. Even the number of copper atoms per active site is 
unknown. 
Neurospora. 
The phenol oxidase of Neurospora crassa has been pre-
pared in crystalline form (22). Its properties generally 
resemble the mushroom enzyme . The predominant molecular 
species 1s a monomer of 31,000 daltons containing a single 
cuprous ion. The monomer freely undergoes an assoc1at1on-
dissociat1on reaction. There is an interesting report that 
the Neurospor a phenol oxid.ase is the product of an activation 
reaction which follows first order kinetics (40). The mag-
nitude of the effect observed was rathe r small. Only crude 
extracts were used, and the putative precursor was not iso-
lated.. A similar effect was noted in the ascomycete 
Podospora anserina from which phenol oxidase has been highly 
purified (42). This phenol oxidase occurs as a latent form 
which activates during purification. Heating extracts at 
6o0 c. also causes activation . The l aten t a nd act ive forms 
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have differing electrophoretic mobilities but exhibit the 
same sedimentation constant, The Podosp0ra enzyme 1s 
purified as a monomer of 42,000 daltons which undergoes an 
aggregation reaction. 
Mouse Phenol Ox1dase. 
In contrast to the mushroom system discussed above, 
mouse phenol oxidase has been examined in detail at the 
genetic level but has only recently begun to yield biochem-
ical information. In vertebrates, phenol ox1.dase activity 
is limited to the melanocytes, a class of d.1fferent1ated 
cells characterized by the presence of melanosomes, organ-
elles which are the intracellular locus of melanin produc-
tion, The electron microscope reveals a complex internal 
structure within the melanosome (44). Fibrils are organized 
and crosslinked in a regular folded sheet pattern bounded by 
a unit membrane. Presumably several proteins other than 
phenol oxidase are involved 1n the ultrastructural organiza-
tion of the melanosome. It would therefor~ appear likely 
that mutations affecting these proteins would also affect the 
organization of the melanosome and the deposition of melanin 
(47). 11his concept of melanosome structure has been support-
ed by electron micrographic studies of melano~ytes in strains 
of mice carrying mutations which result in altered. pigmen-
tation (44, 45, 46). Thus mutant alleles 1n the C (albino), 
B (brown) and P (pink eyed dilution) loci result in charac-
teristic ultrastructural alteration of the melanosome. Evi-
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dently the C locus is the structural gene for phenol oxidase 
itself. This work has been further supported by gel elec-
trophoretic analyses of mutant ha1r bulb extracts (48), 
Although isolation and chemical analysis of melanosomes has 
been attempted, the same structural tightness which has 
permitted genetic analysis presents severe obstacles to 
biochemical analysis (49, 50, 51). At the present time no 
information is available concerning any of the structural 
proteins of the melanosome other than phenol oxidase. The 
information concerning phenol ox1dase has been meager until 
very recently. Mouse phenol oxidase has been prepared from 
melanoma and hair bulb. All authors agree that the majority 
of mouse phenol oxidase is very tightly particle bound (52, 
53). Recent efforts have centered on disruption of the 
melanosome structure in order to yield. a soluble preparation. 
Detergents, lipolytic enzymes, and sonication release phenol 
oxidase into solution (53, 54, 55). A soluble preparation 
has also been obtained from an acetone powder (56, 57, 58, 
59). qh~se preparations contain at least three active phenol 
oxidases which may be interrelated.. Like mushroom phenol 
oxidase, the activity of the mouse enzyme depends upon the 
presence of a copper prosthetic group (60). The mouse en-
zyme further shares the property of a lag period 1n the oxi-
dation of tyrosine which can be shortened by the addition of 
reducing agents (61). The substrate specificity of the 
mouse enzyme is narrower than the mushroom enzymes the pres-
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ence of a side chain amino group is necessary (62). Again, 
as in the mushroom system, melanization of the enzyme leads 
to inhibition of activity (63). 
A very interesting report recently appeared which rep-
resents an important step in the und.erstanding of melanosome 
structure ( 65). Working with the 20% of mouse phenol oxid.ase 
which is readily soluble, and taking advantage of the unusual 
stability of mouse phenol oxidase in 8 molar urea, Burnett 
has purified two phenol oxidases to homogeneity by repeti-
tive preparative polyacrylamide gel electrophoresis. The 
two fractions, T1, and. T2 , have different molecular weights 
as determined by equilibrium ultracentrifugation E~I 66,ooo 
daltonsa T2 , 56,000 daltons) and d.ifferent amino acid com-
positions. They do not seem to be interconvert1ble. If one 
assumes that a single gene, the C locus, codes for phenol 
oxidase, then the occurence of two distinct proteins must be 
explained. A reasonable possibility is that 1• and T2 are 
derived from a common precursor, possibly by association 
with a m~lanosome structural protein. Burnett calculated the 
hydrophobicit1es of ~· and T2 which are similar to the fig-
ures for the mushroom and Neurospora enzymes. 
An interesting regulatory mechanism for mouse phenol 
oxid.ase was proposed by Chian and W1lgram ( 64) • They iso-
lated a low molecular weight (less than 5,000 daltons), heat 
stable ir.hib1tor of phenol ox1dase. They suggested that this 
inhibitor prevents phenol oxidase action until phenol oxidase 
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is incorporated into the melanosome structure. Some support 
for this model was provided by examination of two albino 
melanoma strains isolated from white patches in pigmented 
melanoma. One of these contained an active phenol oxid.ase 
with slightly altered electrophoretic mobility which was 
evidently inactivated in situ by the presence of the in-
hibitor. 
Other authors have consid.ered the possibility that 
mouse phenol oxidase may be regulated v1a activation of a 
latent form in a manner analogous to the well documented 
insect system (55). There is, however, no evidence of a 
soluble inactive precursor in mice. 
Other Vertebrates. 
Phenol oxidase has not been examined in detail from 
vertebrate sources other than the mouse. Sowe interesting 
observations have been made. Electrophoret1c examination of 
hair bulb extracts from black rats, black rabbits, gerbils, 
and golden Syrian hamsters produced patterns similar to 
those ob~ained from mice, suggesting that a protein resem-
bling~· is present 1n many species (66). 
In the skin of the newt Triturus cristatus two soluble 
phenol oxidases have been identified (67)c One oxidizes 
only diphenols and is activated by anionic detergents1 the 
other oxidizes both mono- and diphenols and. is inhibited by 
anionic detergents. Activation phenomena have also been 
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demonstra ted 1n ~ p1piens eggs, where phenol oxidase 
activity in extracts is enhanced by denaturing agents (68). 
Adult li!n!, pipiens skin contains a soluble inactive precursor 
or phenol ox1dase which is evenly distr1b~ted over pigmented 
and non-pigmented skin (69). It can be converted to active 
phenol oxidase by trypsin. After melan1zat1on the active 
enzyme cannot be extracted. 
A number of reports describe the soluble and. particle 
bound phenol ox1dase in fish (70, 71, 72). The electro-
phoretic pattern 1n one case resembles that found in mice (73). 
Insects. 
In insects phenol oxidase plays a major role in cuticle 
synthesis. Although this is not the place f~r a detailed 
discussion of cuticle structure and origin, it will be use-
ful to summarize the current knowledge of this topic before 
taking up specific enzyme systems. Insect cuticle is a 
layered extracellular structure secreted by an underlying 
epithelium of specialized cells. Descriptions of cuticle in 
different species vary, but in general there is a thick 
inner layer, the endocutiele, composed of chitin, protein, and 
lipid, and a thin outer layer, the epicuticle composed pri-
marily of protein and lipid (76, 77, 78). Depending on the 
organism, its stage of development, and the location on 1ts 
surface, cuticle may vary greatly 1n hardness and darkness. The 
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structure of the endocuticle, which has been recently 
reviewed., will be of no further concern here (79). The 
epicuticle, however, is the site of phenol oxldase activity. 
The role of phenol oxidase in cuticle synthesis was first 
suggested by Pryor who studied the tanning of the cockroach 
ootheca (egg case) (80). This system was reinvestigated by 
Brunet (81, 140). Although cockroach oothecae contain no 
chitin, they harden and darken while in the genital vesti-
bulum of the female, acquiring physical and chemical prop-
erties similar to hardened cuticle. The ootheca is tanned 
by a mixture of the secretions of the right and left 
collaterial glands. The left collaterial gland secretes an 
insoluble phenol oxid.ase and a mixture of the 4-0-S-gluco-
side s of dihydroxybenzl alcohol and d1hyd.roxybenzoic acid. 
The right collater1al gland secretes a glucos1dase, and 
mixture of the two secretions frees the dKip~enols for 
enzymatic oxidation. The resulting quinones react with free 
amino groups in the oothecal protein and with each other 
forming the tanned ootheca. Pryor named the quinone tanned 
protein sclerotin and suggested that a similar process occurs 
generally in insect cuticle (82). Dennell wa3 the first to 
provide evidence for this model in cuticle (83}. He found 
that sections of larval cuticle from Sarcophaga falculata 
d.arkened when placed in solutions of tyrosine or cateohol. 
The darkening originated in the epicut1cle and diffused in-
ward into the endocuticle. This process reseMbles the normal 
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f ormation of the puparium. Pryor's suggestion has received. 
considerable experimental support and has been extended to 
crustacea (84, 85, 86) and even to other 1nvertebrate phyla 
( 87) • 
Several major problems emerge at this point. What is 
the nature and origin of the tanning enzyme, and how is its 
spatial and temporal distribution controlled? What is the 
substrate, the tanning agent, and how do the reactions of 
quinones lead to hardening and darkening (88, 90)? If both 
hardening and darkening proceed through basically the same 
mechanism, can they be under independent control? Finally, 
what controls precisely timed developmental events such as 
tanning of the fly puparium or the newly emerged adult 
(89)? Of these, only the first is of direct relevance here. 
The others are discussed in detail in the reviews cited 
above. 
Melanoplus. 
The first insect phenol oxidase to receive much atten-
tion was that of the grasshopper Melanoplus differentialis. 
Bodine and coworkers published an extensive series of 
papers describing some aspects of the Melanoplus phenol 
oxidase {91, 92, 93, 94, 95, 96). The most important 
result of their work is the observation that in Melanoplus 
eggs, phenol oxidase occurs as an inactive precursor. If 
fresh e~tracts are not centrifuged, activation occurs wit~­
out additional treatment. Activation is accompaniPn by 
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aggregation, and. the active enzyme can be removed from solu-
tion by centrifugation. If extracts are centrifuged. before 
activat1on occurs, then the stable, soluble proenzyme is 
obtained.. Remixing the proenzyme and. the lipid. layer at 
the top of the centrifuge tube leads to a~tivationK Bod.ine 
concluded that the natural activating factor was a lipid. A 
number of artificial activating agents were discovered 
(e.g. anionic detergents, organic solvents, urea, heat, 
heavy metals, and shaking). They all create denaturing 
conditions, and Bodine suggested that activation followed 
partial denaturation of the proenzyme. Hcwever, the pos-
sibility that a proteinaceous activating f~ctor was de-
natured o~ not extracted is generally not considered in 
discussions of the Melanoplus enzyme. The weight of the 
evidence in most other insect systems strongly suggests 
this alternative (see below). Possibly, activation by 
denaturing agents is a purely artefactual phenomenon which 
bears no relation to the in vivo activation process. The 
active ~elanoplus enzyme will oxidize both mono- and 
dipheno~sK It appears to contain copper since activity is 
lost on removal of copper and restored by cupric sulfate. 
Tenebrio. 
qh~ phenol oxidase of Tenebrio molitor resembles that 
of Melat'.oplus (97, 98, 100). Centrifuged extracts of last 
instar 'larvae contain a stable proenzyme. The activator 
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is found. not in the lipid layer but in ~he sediment. It is 
stable to heating at l00°c. Fractionation of lipids ex-
tracten from integuments led to the conclusion that eight-
een carbon fatty acids function as phenol oxidase activators. 
No indications of a proteinaceous activator were found in 
whole extracts or in acetone powders. As in Melanoplus, 
negative evidence cannot be regarded as conclusive. The 
proenzyme was highly purified by DEAE-cellulose chroma-
tography, column electrophoresis on Sephadex G-25, and 
sucros~ gradient velocity centrifugation (99). The prod-
uct was homogeneous on agar gel electrophoresis and in the 
analytical ultracentrifuge (s2o,w=7.3s). It contains 0.22% 
copper, 72-83% of which is in the reduce~ state in fresh 
preparations. After activation by sodium oleate, the 
enzyme will oxidize both mono- and diphenols. 
Musca. 
Musca phenol oxidase has not been examined in detail, 
but some information is available. A soluble proenzyme can 
be isol9ted from prepupae which lack the ability to convert 
it to active enzyme (103). An activator which appears to 
be a protein can be isolated at other stages. The proenzyme 
1s also activated by treatment with SDS. The kinetics of 
activation by the protein activator give s normal Lineweav-
er-Burke plot suggesting that the activator acts catalyt-
ically on the proenzyme (104). Certain inhibitors 
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(N-bromosucc1n1m1de, 1od 1ne, and sod.ium picryl sulfate) 
block the activation reaction. In crude extracts activation 
follow~ a sigmoidal time course (101, 102). The active 
enzyme forms very large aggregates. 
Calliphora. 
The phenol oxid.ase system of Calliphora erythrocephala 
has been studied in some detail by Karlson and coworkers. 
In fresh homogenates of larvae, no phenol oxidase activity 
is observed. After a concentration dependent lag period, 
activity increases in sigmoidal fashion (105). The shape 
of this curve resembles that expected. for an autocatalytic 
process, and since an autocatalytic scheme had been proposed 
(see be.\.l)w), the kinetics of activation were analyzed at 
differe~t concentrations. The data fit the theoretical 
autocat~lyt1c curve only roughly. When the constant in the 
autocatalytic rate equation is evaluated, it 1s not constant 
at all but varies as a function of concer.tration. This 
result strongly argues against the autocatalytic mechanism. 
The actlvator, which is localized in the integument, and the 
proenzyme, which is localized in the hemolym?h, have been 
separat3d and purified. (106). When mixed, the purified 
components exhibit linear activation kinetics without a lag 
period. The possibility was suggested that the activator 
exists as an inactive precursor in vivo. Sedimentation 
--
constan~s of 2.9s and 15.4s are given for the activator and. 
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proenzyme respectively. The criteria of purity presented 
seem inadequate, the purified components giving one band 
on analytical ultracentrifugation1 it w0vld seem unlikely 
that their preparations actually were homogeneous. The 
proenzyme can be activated by treatment with proteolytic 
enzymes (a-chymotrypsin and aminopeptidase) as well as the 
natural activator ( 107) • This has been interpreted. as 
suggesting activation by limited proteolysis although, 
actually, no data bearing directly on th~ normal activation 
mechanism have been presented. Curiously, a lag period is 
observe.d in the activation reaction catalyzed by proteolytic 
enzymes. The active enzyme has also been purified (108). 
Its purity may be questioned since it was analyzed only by 
paper electrophoresis and. ul tracentrifug~tionK The active 
enzyme 1s reported to have a sedimentation constant of l?s 
and a ~viecular weight of 530,000 daltons. It can oxidize 
only di phenols. When mixed with mi tochondr1e., the enzyme 
absorb~ to the mitochondria and acquires the ability to 
oxidize monophenols, presumably by coupling to some mito-
chondrial enzyme system (109). 
qh~ synthesis of the activator is apparently under 
control of the moulting hormone ecdysone (110). In per-
manent larvae produced. by destruction of the ring gland., 
the activator concentration declines; injection of ecd.ysone 
leads to reappearance of the activator. 
effect on the proenzyme in vitro (111). 
Ecdysone has no 
On the basis of 
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this information, Karlson has proposed t~atI just prior to 
puparium formation, the activator diffuses into the cuticle 
and activates the latent phenol oxidase. This model of 
phenol oxidase activation in vivo may be questioned since 
there is no evidence that the cuticle is permeable to 
macromolecules. The possibility remains that active phenol 
oxidase is incorporated directly into the larval integument 
during epicut1cle synthesis. According to this view, which 
is further discussed below, the phenol o~idase potential 
present at any given time is available for ep1cut1cle syn-
thesis and is not available for transport into preexisting 
cuticle. 
Bomby;x:. 
As in Calliphora and. Musca, phenol oxidase activity 
appears in fresh homogenates of Bombyx mori with sigmoidal 
I 
kinetics (112). The activator and proenzyme can be sepa-
rated ty ammonium sulfate fractionation; when remixed, 
activation is linear and without a lag period. Activation 
can be suppressed by high ionic strength. During the act-
ivation reaction, the active enzyme aggregates forming a 
polydis,erse product of high molecular weight. The con-
centraticn of activator increases with time in the crude 
activation mixture, a phenomenon also observed in the 
Chinese oak silkmoth, Antheraea perny1 (113, 114). It has 
been proposed that the activator is derived from an inactive 
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precurEor present in the initial homogenate. 
Substantial information is available concerning the 
proenzyme (115). It has been purified from hemolymph by 
ammonium sulfate fractionation, heat tre~tmentI DEAE-
cellulose chromatography, and hydroxylap8t1te chromatography. 
The prcduct, which is obtained in large quantities, is 
homogeneous on analytical polyacrylamide gel electrophoresis, 
SDS gel electrophoresis, and in the ultracentrifuge. The 
proenzyme contains 0.15 - 0.16% copper in the cupric state. 
Concentrated solutions are greenish blue with an absorption 
maximum at 650mµ. The molecular weight according to SDS gel 
electrophoresis is 80,000 daltons, but sedimentation equil-
ibrium experiments indicate that this form is a dimer which 
can dissociate at low concentration. The sedimentation 
constant of the dimer is 6.6s. The isoelectric point of 
the proenzyme is 5 .1 as determined. by co1umn electrofocusing. 
Noting that the copper in the proenzyme is in the cupric 
state and that the copper in active phenol oxidases includ-
ing the Bombyx enzyme (117) is in the cuprous state, Ash1da 
has proposed. that the cupric copper is reduced during the 
activation reaction, probably by sulfhyd1yl groups in the 
proenzyme. The reduction of copper would then be a key 
event ir. the activation process. The proenzyme can be 
activated by proteolytic enzymes (a-chymotrypsin and the 
semialkaline protease of Aspergillus melleus) (116). This 
occurs without the aggregation usually seen 1n vitro. As 
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in Calliphora, the normal activation reaction is suspected. to 
involve limited. proteolysis, but no evid.ence bearing directly 
on this point has been adduced. 
Drosophila. 
mh~nol oxidase has been known in Drosophila melanogaster 
since the report of Graubard in 1933 (118). The suitability 
of Drosophila for genetic analysis has lent considerable 
impetus to the study of Drosophila phenoJ. oxidase. The 
activation reaction was described by Horowitz and Fling 
(119). J..s in several of the systems described above, acti-
vation is sigmoid.al. The kinetics fit the theoretical curve 
for an au to catalytic process, and. Horowitz proposed that 
activation involves conversion of the proenzyme into one 
molecule of active enzyme and one molecule of activator. 
Again following the established pattern, activation is 
accompa~ied by aggregation to a degree which permits removal 
of the active enzyme from solution by centrifugation. A 
number of metabolic inhibitors were tested on the activation 
reaction, but none blocked it. The active enzyme was 
poisoned by inhibitors of copper ox·idasen, suggesting that, 
as in a:i 1 other cases stud.led, the Drosophila enzyme con-
tains copper. 
Mitchell investigated the activating syEtem in detail, 
and his results define the problem under investigation 1n 
this thesis. Ammonium sulfate fractionat~on of extracts 
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prepared from pupae, yields fractions which produce no 
phenol oxidase activity separately but produce activity 
when mixed (120). When these fractions are subjected to 
electrophoresis on analytical polyacrylam1de gels, no 
Pigment bands appear when the gels are incubated in DOPA. 
If, however, the gels are preincubated in activator prep-
ared fr~m the 0-41% saturated ammonium sulfate fraction 
prior to incubation in substrate, intense melanin bands 
form. By this method, three components of the activating 
system may be distinguished. They have teen named A1 , A2 , 
and A3. Activation of the A1 component yields an active 
enzyme which oxidizes both tyrosine and DOPA. When acti-
vated, A2 and A3 fail to oxidize tyrosine but are quite 
active on DOPA. 
The tissue localization of the phenol oxidase compo-
nents was studied in larvae and pupae by dissection method.s 
(121). The result of this study was to localize one comp-
onent of the activating system in the salivary gland. This 
component was named S (for salivary gland). It is thermo-
labile and. behaves on fractionation as a protein. When 
mixed with the remaining components, designated collectively 
as H (for hemolymph), phenol oxidase act~Tity appears with 
linear ~ctivation kinetics (122). Varying the concentration 
of S in wi activation mixture affects the rate of activation 
but not the final phenol oxidase activity. S therefore 
appears to play a catalytic role in the activation process. 
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S itself has been shown to exist as an inactive precursor, 
pre-S, w~ich can be isolated from four to seven hour pre-
pupae ~n stable form (123). Activation of pre-S appears 
to be catalyzed by an enzyme, S-activator, and also by s. 
Thus, in fresh homogenates the S concentration is probably 
the rate limiting factor, and the kineti0s observed by 
Horowit?. and Fling probably reflect the activation of S 
which may be autocatalytic. As of this writing neither 
pre-S ~or S-activator has been characterized. S, although 
difficult to handle, can be prepared in highly purified 
form (123). It has an approximate molecular weight of 
35,000 daltons but has yet to be further analyzed. In a 
recent t 'eport, Drosophila S has been found to cross react 
with the Calliphora stygia proenzyme (124). The Calliphora 
equivalent of S was also found in the salivary gland. Due 
to the large size of the Calliphora salivary gland, it was 
possible to localize the activator more ~recisely than in 
Drosophila. It was not found in the secretory cells but 
only in the cuticular lining of the duct. 
Mitchell's ammonium sulfate fractionation data suggest-
ed the existence of an additional component cf the activat-
ing system called P. The existence of thls component has 
recently been confirmed (123). At the present time the 
Drosophila phenol ox1dase system appears to involve at least 
seven cc~ponentsI pre-S, S-activator, S, P, A1 , A2 , and A3 • 
Of course, structural interrelationships and further 
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heterogeneity of these components may b9 discovered. 
Mitchell et al. prepared. the active phenol oxid.ase 
from larvae and pupae of wild type and. several mutant strains 
(125). When banded by equilibrium buoyant density centrif-
ugation on sucrose gradients, each strain produced a char-
acteristic pattern. A total of seven forms with distinct 
densities were observed. The sedimentation velocity of ac-
tive e.tizyme was measured. The largest components sedimented. 
at about one third the rate of Neurospora mitochondria, but 
no dis~rete size classes were observed.. The active enzyme 
evidently varies continuously in size and discontinuously in 
density. A curious feature of the active enzyme ls that it 
is inactivated. at high centrifugal force (384,000xg). This 
effect is blocked by the addition of a small amount of sub-
strate which leads to some melanization. The possibility 
was raised. that covalent crosslinks form which stabilize 
the aggregate. On the basis of these properties, Mitchell 
suggested. that phenol ox1d.ase plays an ur.usual double role, 
being simultaneously structural and catalytic. The situ-
ation would then be somewhat analagous to the vertebrate 
melanosome. 
Blumenthal examined the banded phenol oxidase from the 
ebony strain with a view that the structure of phenol ox1dase 
ls related to cuticle structure (126). e~ subjected this 
nearly intractable material, which has the appearance of a 
turbid., ~locculent precip1 tate, to a number of violent de-
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naturing conditions and strong solvents. The aggregation 
could be reversed only partially; at least 25% of every 
preparation appeared to be covalently crosslinked. When 
analyzed. by SDS gel electrophoresis, the solubilized. protein 
did not produce any consistent pattern from preparation to 
preparation, and it proved difficult to construct a mod.el 
for the structure of the aggregate. 
Mitchell et al. studied the developm~ntal time course 
of phenol oxid.ase potential in wild type and four mutant 
strains (ebony, black, blond, and yellow) (125). All strains 
exhibited points of maximal potential activity just before 
pupar1um formation and in the range of 55 to 70 hours after 
puparium formation. Although the same general pattern was 
observed in all cases, each strain studied had a character-
istic time course. These results were interpreted in terms 
of altered. regulation of phenol oxidase activity rather than 
mutations in the phenol oxidase structural genes, Other 
genetic studies have been carried out by Lew!t:3 and Lewis 
(127, 128), They were able to select for strains with low 
and high levels of phenol oxidase, The genetic var1ab111ty 
of phenol ox1dase activity was considered to reflect the 
function of several modifier genes. A strain with low 
activity, ~· behaved in a manner suggesting that the a locus 
directly affects phenol ox1dase structure. The phenol oxidase 
produced by homozygeous a adults is more thermolabile than 
- . 
the wild type enzyme, and. it has an altered substrate speci-
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ficity. ~ maps at 52.4 on chromosome II and may be a 
....... 
structural gene for one of the phenol oxidase components. In 
light of current knowledge, this conclusion should be regard-
ed as quite tentative since alteration 1n the relative pro-
portion of the various components might account for Lewis' 
results. A claim has been made that the A1 component is 
absent 1n strains carrying mutant alleles at the lozenge 
locus (129). This claim does not seem fully justified by 
the data presented which include only analytical polyacryl-
amide gels of small amounts of homogenate. 
Recently, Mitchell et al. have stud.ied the process of 
cuticle deposition in larvae by electron microscopy and 
autoradiography (130). The most important result of this 
investigation relevant to the phenol oxidase problem is the 
absence of any pores or canals in the chitinous layer of 
larval cuticle. It appears unlikely that any macromolecular 
material could diffuse through the cuticle. This conclusion 
is partl~ularly clear cut in the case of the greatly aggre-
gated. active phenol oxidase. Autorad1ographic experiments 
support this view. Injected tritiated leucine produces a 
band of label in the white puparial cuticle which marks the 
position of the cuticle cell interface at the time of in-
jection~ Low molecular weight molecules evidently can dif-
fuse ovtward since injected tritlated tyrosine strongly 
labels the epicut1cle during puparium formatton. Mitchell 
advanced the proposition that the major proteins of the 
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cuticle are incorporated. in a fixed posltion at the time of 
cuticle synthesis; they may be modified subsequently by low 
molecv.lar weight substances. As Mitchell he,s pointed out, 
the diffusion of an activator enzyme into the cuticle can-
not be ruled out. A catalytic activator might be required. 
in only very small quantities. The conclusion does seem 
inescapable that the large phenol oxid.ase potential present 
at pupa~ium formation is not related to the hardening and 
darkening of the puparium. 
Yamazaki has attempted to prepare a cuticular phenol 
oxidase directly from acetone powders of Drosophila virilis 
integuments (131}. Only small amounts of activity were 
extracted which may represent contamination by the abundant 
hemolyreph enzyme. Yamazaki argued that his preparations 
had. the substrate specificity of a laccase. However, his 
data show some oxidase activity on tyrosine. From what is 
known of the active hemolymph enzyme, it 1s unlikely that it 
could be extracted. from cuticle in anyth1.ng resembling its 
native f~rmK Hackman and Goldberg have prepared. extracts 
from th~ cuticles of several insects which oxidize tyrosine 
and. DOFA ( 132} • 
At this point, it should be noted. that, although the 
cuticular functions of phenol oxidase have been emphasized., 
there is little direct evidence connecting the hemolymph 
enzyme wjth cuticle synthesis. Other related functions have 
been proposed. Specifically, phenol oxidase 1s implicated in 
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wound heAling. Lai-Fook has demonstrated the presence of a 
latent phenol oxidase in the cuticle of several insects 
which can be activated by abrasion (133). He drew attention 
to the difficulty of distinguishing this enzyme from the 
oxidases responsible for normal cuticular hardening and 
darkening. Some of the conflicting reports in the insect 
phenol ~iidase literature may well be due to this problem. 
An interesting case of wound healing by phenol oxidase was 
noted in locust eggs (134). Several authors have also 
observed the role which the Drosophila hemolymph phenol 
oxidase plays in the defense against invading parasites 
(135, 136, 137, 138). In Drosophila melanogaster, eggs of 
Pseudoc2.1!.f! mellipes are enveloped by crystal cells, which 
are known to contain phenol oxidase (139), and sealed into a 
melanized capsule. This effectively blocks further develop-
ment of the parasite. 
Research Outline. 
At the beginning of the research reported in this thesis, 
it was very clear that further elucidation of the structure 
and mode of activation of Drosophila phenol oxid.ase, its 
genetic and developmental control, as weil as its 1n vivo 
function depended on the isolation, purification, and charac-
terizat~on of the protein components of the system. The 
active enzyme had yielded little information, and although 
the basic components of the activation system had been 
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identified, it was impossible to draw any firm conclusion 
concerning their roles 1n the activation process. It was 
not ev~n clear, for example, which combinations of components 
could produce active enzyme. It was equally uncertain which 
components were incorporated into the final product. The 
fractions containing the various components were either 
unstable or too cross-contaminated to permit simple def1n1-
tive experiments. Therefore a program cf purification of 
the components involved in the activating system was initia-
ted.. This thesis will be concerned primarily with the puri-
fication and properties of the A components. Work on the 
activating factors pre-S, S-activator, S, and P will be 
reported elsewhere. 
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MATERIALS AND METHODS 
1. Drosophila Culture. 
All stocks were obtained. from the stock center at the 
California Institute of Technology. Drosophila melanogaster 
Oregon R eggs were collected and cultured according to 
Mitchell and Mitchell (141). Late third instar larvae were 
collected on the fifth day after egg laying when at least 
10.% of the larvae had. formed. puparia. The washed, dried. 
larvae were frozen in liquid nitrogen and stored at -?o0 c. 
Carefully staged. 4 to 7 hour prepupae, used in some experi-
ments, were collected as follows. This procedure takes 
advanta~e of the fact that an air bubble is secreted 4 hours 
after r~parium formation. Larvae and prepupae were washed 
into a two liter beaker which was filled to capacity with 
tap water. Any animals which floated to the top of the 
beaker were removed by decanting and discarded. This process 
was repeated until no more animals were observed. to float. 
The bes.l:er was then covered with cheesecloth, drained and 
incubated at 25°c. for three hours. The floating and de-
canting process was then carried out. Floating animals were 
saved, re-floated and re-decanted in a separate beaker. The 
second stage of floating and d.ecanting removed any non-float-
ing animals which might have adhered to floating animals. 
The animals thus selected were then washed, dried, and in-
spected by eye for dead, malformed, or incorrectly staged 
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animals. Any such animals were removed. with watchmaker's 
forceps. The acceptable animals were frozen in liquid ni-
trogen and stored a -70°C. The 2 liter beaker was then in-
cubated for another 3 hours, and the entire process was re-
peated. until the bulk of the larvae in the culture had formed 
puparia. Great care must be exercised in the selection of 
4 to 7 hour prepupae or their homogenates will produce phenol 
oxidase activity. 
2. Preparation of Crude S. 
Two methods of preparation are given. The first was 
used for Assay I (see section 4A. below) 1 the second was used. 
for Assay II (see section 4B. below). 
A. Method I. 
Fifty grams of late third insta~ larvae were 
ground tv a fine powder with 25g of sand in a mortar chilled 
with liquid nitrogen. The powder was added with stirring to 
750ml cf l.OM urea in O.lM phosphate buffer, pH 6.3 at 20°c. 
All subsequent handling was performed at 4°c. The extract 
was filtered through a double thickness of cheesecloth and 
centrifuged at 13,000 r.p.m. for 15 minutes in the GSA rotor 
of the s~rvall RC2-B centrifuge. The supernatant was fil-
tered. through nylon cloth to remove the fatty layer. Cold 
saturat ed (NH4) 2so4 was added. slowly with stirrtng to 41% 
saturation. The precipitate was pelleted by centrifugation 
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at 9,000 r.p.m. for 50 minutes in the GSA rotor. The pellet 
was resuspended in 50ml of 0. lM TrisHCl, pH 8. 5 and d.ialyzed. 
for 5 hours against 500ml of O.lM phosp!-~ate buffer, pH 6.J 
with one 500ml change after 2.5 hours. The dialyzed solu-
tion wss centrifuged at 25,000 r.p.m. for JO minutes in the 
Type JO rotor of the Beckman Model L ultracentrifuge. The 
supernatant was divided into 0.5ml aliquots and frozen at 
-70°c. 
* B. Method II. 
The following procedure was carried out at 4°c. 
Ten grA.Ills of late third instar larvae were ground to a 
smooth paste in a mortar and pestle with lOg of sand and 
15ml of J5.% saturated (NH4) 2so4 • The homogenate was diluted. 
with 1J5ml of J5.% saturated (NH4) 2so4 and centrifuged at 
25,000 ~KpKmK for 15 minutes in the Type 30 rotor of the 
Beckman Model L ultracentrifuge. The pellet was resuspended 
in lOOml of J5% saturated ( NH4) 2so4 and cent:l'.'ifuged for 10 
minutes at 25,000 r.p.m. in the Type 30 rotor. The pellets 
were washed once more in the same fashion. The pellet was 
then resuspended in lOOml of MK1~ phosphate buffer, pH 6.3, 
and the solution was brought to 35% (NH4) 2so4 saturation. 
The procipitate was collected by centrifugation at 25,000 
r.p.m. for 15 minutes in the Type 30 rotor. The pellet was 
* This procedure is based on suggestions from Mr. 
D. Seybold. 
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then resuspended in 5ml of O.lM phosphate, pH 6.3. The 
solution was dialyzed against 500ml of O.lli phosphate, pH 
6.3 for 3 hours and cleared by centrifugation at 25,000 
r.p.m for 10 minutes. The supernatant was divid.ed into 0.2ml 
aliquots and frozen at -?o0 c. 
3. Phenol Ox1dase Assay. 
Phenol oxidase activity was assayed as described by 
Mitchell (142). In this assay, one unit of phenol oxidase 
activity is defined as that amount for which the AO.n. 475m)l 
per 10 minutes equals 1.0. Blumenthal has shown that the 
phenol oxidase assay responds to enzyme ocncentrat1on in a 
linear f~shion (126). 
4. A Component Assay. 
Two methods were used for the quantitative assay of the 
A components. The first was superceded by the second. 
A. Assay I. 
A OM~1 aliquot of the unknown was incubated at 
4°c. for 30 minutes with 20)11 of crude S EMe~hod I, see 
* section 2A. above) and OM~1 of H• The mixture was then 
assayed in the phenol oxidase assay. 
* The H fraction was prepared from late third instar 
larvae by Dr. D. Sullivan. H stands for hemolymph; 
it is the crude 37.5 to 56% saturation (NH4 ) 2so4 fract-ion. 
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B~ Assay II. 
A 20)11 aliquot of the unknown was incubated at 4°c. 
for 30 minutes with 20µ1 of crude S (Method. II, see section 
2B. above). The mixture was then assayed. in the phenol 
oxidase assay. One unit of A component ~ctivity is defined 
as that amount which produces one unit of phenol oxidase 
activity in this assay. The standard curve for this assay is 
d1scus~ed below. 
5. Preparation of Crude A Components. 
Two procedures are given for the preparation of crude A 
components. The first uses late third 1nstar larvae, the 
second uoes 4 to 7 hour prepupae. 
A. Preparation of A Components From Larvae. 
One hundred grams of late third instar larvae were 
ground to a fine powder with lOOg of sand in a mortar chilled 
w1 th li~uidK nitrogen. The powder was added w1 th stirring to 
i.o 1 ~f lM urea in O.lM phosphate, pH 6.3 at 20°c. The fol-
. ·- -
lowing steps were carried out at 4°c. The homogenate was 
filtered th:rough a double thickness of cheesecloth and cen-
trifuged. at 9, 000 r.p.m. '{or 10 minutes in the GSA rotor of 
the Servall RC2-B centrifuge. The supernatant was filtered. 
through a double thickness of cheesecloth and. slowly brought 
to J?.5% (NH4) 2so4 saturation with saturated. (NH4) 2so4 . The 
precipitate was removed. hy centrifugation at 9,000 r.p.m. for 
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40 minutes in the GSA rotor. The supernatant was filtered 
through nylon cloth and brought to 56% (NH4 ) 2so4 • The 
precipitate was collected by centrifugation at 9,000 r.p.m. 
for 4o minutes 1n the GSA rotor. The pellet was then washed 
by resuspend1ng 1t in 50ml of 56% saturated (NH4 ) 2so4 and. 
centrifuging at 25,000 r.p.m. for 15 minutes in the Type JO 
rotor of the Beckman L-2 ultracentrifuge. (Pellets were 
somet1m~s stored at this stage by freezing at -70°c.). The 
pellet was then resuspended in ?ml of l.5M KCl 1n O.ltl 
Tr1sHCl, pH 8.5 and centrifuged for 15 minutes at 25,000 
r.p.m. in the Type JO rotor. The supernatant was saved, and 
the pellet was suspended once more in 6ml of the same buffer 
and centrifuged. as before. The second supernatant was com-
bined W1Gh the first for further processing. The combined 
supernatants were then subjected to heat treatment (see sec-
tion 6. below). 
B. Preparation of Crude A Components From Prepupae. 
This procedure was carried out at 4°c. Twenty 
grams of 4 to 7 hour prepupae were rapidly ground to a smooth 
paste 1n a mortar and pestle with 20g of sand_ and_ 40ml of 
37.5% saturated (NH4 ) 2so4 . The paste was diluted with 260ml 
of 37.5% saturated (NH4 ) 2so4 and centrifuged at 25,000 r.p.m. 
for 15 minutes in the Type JO rotor of the Beckman Model L 
ultrace~trifugeK The supernatant was filtered through nylon 
cloth a.1d brought slowly to 56% (NH4 ) 2so4 saturation by ad-
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d1 t1ori of saturated (NH4 ) 2so4 • The prec1pitate was recovered 
by centrifugation at 25,000 r.p.m. for 15 minutes in the Type 
30 rotor. The pellet was washed by resuspending it in 40ml 
of 56% saturated (NH4 ) 2so4 and centrifuging as in the pre-
vious s~epK The pellet was then resuspended in lOml of O.ltl 
phosphs.te, pH 6. 3. The solut1on was cleared by centrifugat1on 
at 25,000 r.p.m. for 15 minutes in the Type JO rotor. 
6. Heat Treatment. 
Some crude A component samples were subjected to heat 
treatment by incubation 1n a 4o0 c. water bath for 30 minutes. 
Heating was terminated by plunging the sample tube into ice 
water. Any prec1pitated protein was removed by centrifuga-
tion at 25,000 r.p.m for 15 minutes in the Type 30 rotor. 
7. ~ciltrationK 
SeJJhadex ( G-25 fine, G-100 medium, and G-200 med.ium, 
Pharmacia Fine Chemicals) was hydrated in distilled. water and 
washed several times by settling in d.istilled water. The gel 
was then equilibrated in elution buffer. Columns were poured 
at exactly the elution pressure to be used. Void volumes 
were occasionally measured with Blue Dextran (Pharmacia Fine 
Chemicals). All gel filtration experiments were carried out 
at 4°c. 
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8. Preparative Acrylamide Gel Electrophoresis of A. 
The Canalco Prep-Disc apparatus (Canal Industrial Corp.) 
was used for preparative polyacrylamide gel electrophoresis. 
A l.5cm 10% acrylamide separating gel was used with a 2.5cm 
spacer gel. Gels were prepared. according to the Canalco 
formulas. The medium column (PD2/150) was used for most 
experiments. The upper electrode buffer contained glycine 
(2.88g/l) and Tris (0.6g/l). The lower electrode and elution 
buffer was MKMP~ TrisHCl, pH 8.5. The A- sample, previously 
.l 
dialyzed against one quarter strength upper electrode buffer, 
was layered onto the spacer gel in 10% sucrose; a drop of 
0.005% bromphenol blue was added. to the sample before layer-
ing. The elution buffer was pumped. through the column at a 
rate of lml/min. The anode was placed at the bottom of the 
column. Electrophoresis was started. with a constant current 
of 9ma for 2.25 hours. The current was then increased to 
12ma for 4 hours. The elution buffer was collected in 5ml 
fractions. Fractions were assayed for A component activity. 
9. Preparative Isoelectric Focusing. 
Two methods are given for the prepa1·ative isoelectric 
focusin~ of the A components. The first uses a 2 pH unit 
gradient for A1 and A2 • The second ls a special expanded., 
prefor~ed gradient for A1 • 
A. Two pH Unit Gradient. 
Preparative isoelectric focusing was carried out in 
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the LKB 8101 column. The 8102 column was used in some 
experiments using a direct scale-up of the following method. 
A stabilizing sucrose gradient was poured exactly as rec-
ommend.ed by the LKB instruction manual. A 1% ampholyte 
solution (pH 4 to 6 range) was used. The sample, after 
dialysis for five hours against a 0.5% ampholyte solution, 
was introduced into the less dense sucrose gradient mixing 
chamber. The anode was placed at the bottom of the column. 
Tap water was circulated through the cooling jacket. Focus-
ing was initiated by applying a potential sufficient to draw 
3 watts. The power drawn by the column was maintained at 
this lev9l by increasing the applied voltage until lOOOv was 
reached, The voltage was maintained at lOOOv until the 
experiment was terminated at 48 hours after first applying 
voltage. The column was then drained at a rate of 2ml/min. 
3ml fractions were collected. The pH and. optical density at 
280mp of the fractions were determined. 'rhey were then as-
sayed f0r A component activity. 
B. Expanded, Preformed Gradient. 
The LKB 8101 column was used for these experiments. 
The first step consists of fractionating the ampholytes. 
This wa~ done by setting up a standard focusing experiment 
as descr~bed above. Instead of the normal ampholyte conc-
entration an 8% solution of pH 5 to 7 ampholytes was used 
without any protein sample. The column was focused to equi-
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librium (total focusing time 72 hours, maximum voltage 6oov). 
Two ml fractions were then collected, and the pH of each 
fracticn was determined. The fractions spanning the range 
pH 4,5 to pH 6.o (23 fractions) were frozen at -20°c. until 
further use. For an actual protein fractionation experiment, 
the stabilizing sucrose gradient was introduced in 23 steps. 
These were divided into 3 parts. The first part was prepared. 
by pou~1ng a 28ml gradient into seven 4ml fractions (heavy 
solutions 14ml of 60% sucrose + lOOpl of 40% pH 3 to 10 
amphol1te solution; light solutions 14ml of 46% sucrose). 
The second part consisted of 5ml of carefully desalted pro-
tein sample in 43% sucrose. The third part was a 60ml 
sucrose gradient poured into 15 4ml fractions (heavy solutions 
30ml of 39% sucrose + 100µ1 of 40% pH 3 to 10 ampholytes1 
light solutions 30ml of distilled water). Thus a total of 
23 tubes were prepared. To each of these was added 0.5rnl 
from tte corresponding tube of the fractionated ampholytes 
prepared above. The resulting series of tubes then contained 
a stepwise sucrose gradient and a pH gradient. The gradient 
was the~ pumped into the column at the rate of 4ml/min. The 
column was chilled to 9°c., a potential of 800v was then 
applied to the column. After two hours, the voltage was 
increased to 1000 volts. The power was turned off after 12 
hours, and the column was drained at the rate of 2ml/min., 
and 2ml fractions were processed as in pnrt 9A. above, 
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10. DEAE-Sephad.ex Chromatography of A2 • 
DEAE-Sephadex A-25 (Pharmacia Fine Chemicals) was 
hydrated in d.istilled water and. washed several times by 
settling in distilled water. The pH of the slurry was ad-
justed to the desired value with l.OM Tris base. The gel was 
then washed several times with the elution buffer (0.05M Tris-
HCl, pH 6.8) by settling. A2 d.oes not absorb to DEAE-Sephad.ex 
under these conditions. Samples of A2 equilibrated with the 
elution buffer by dialysis were passed. over a 0. 5ml bed of 
this gel in a Pasteur pipette at 20°c. 
11 . _tlydroxylapatite Chromatography of A2 • 
Biogel HT (Bio-Rad. Laboratories) was washed several 
times by settling in lmM sodium pyrophosphate, pH 6.8. The 
slurry was poured into a Pasteur pipette antil a 0.25ml bed. 
formed. The following steps were carried out at 20°c. The 
column w:i.s washed with lmM pyrophosphate buffer und.er pres-
sure produced by a rubber bulb. The A2 sample in 0.05M Tris-
HCl, pH 6.8 was then applied to the column. The column was 
washed with sodium pyrophosphate, pH 6.8 in the following 
concentrations and quantities1 lmM, 0.5ml; 0.2M, 0.5ml; and 
O.JM, l.5ml. Fractions (0.25ml) were collected and assayed 
for A co illponent activity. 
12. Concentration Methods for the A Components. 
A • . ( NH4 ) 2so4 precipitation. 
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Samples containing at least lmg/ml of protein were 
concentrated by the addition of cold, saturated (NH4) 2so4 to 
60% saturation. The precipitate was then collected by cen-
trifugation at 4°c. 
B. Ultrafiltration. 
Samples containing less than lmg/ml of protein were 
frequently concentrated with the Amicon ultrafiltration ap-
paratus. The PM-10 membrane was used exclusively; no prob-
lems due to adsorption to the membrane were encountered, 
Occasiona lly, samples were desalted by repetitive addition of 
distilled water to the pressure dialysis cell. 
13. Analytical Polyacrylamide Gel Electrophoresis , 
Analytical electrophoresis in polyacrylamide gels was 
carried out by the standard method of Davis (143). Staining 
with amido black was done as Davis describes. In some ex-
periments gels were stained in a 0.25% solution of Coomasie 
Brilliant Blue in 7% acetic acid. Gels were destained by 
diffusion in 7% acetic acid. Gels to be developed for A 
component activity were processed according to Mitchell and 
Weber (120) with the slight modification that crude S, pre-
pared as described above (see section 2), was used as the 
activator. 
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14. Method for Testing Mutant Strains for Electrophoretic 
Variants of the A Component. 
Tr.is procedure was carried out at 4°c. Forty late third 
instar larvae (wild type or mutant) were rapidly homogenized. 
in a glass cone homogenizer containing 2.0ml of homogenizing 
buffer ElKl~ urea, 2.88% glycine, o.6% Tris, 1% disodium 
EDTA, and 0.00025% bromphenol blue). The homogenate was 
centrifuged for 5 minutes at 30,000 r.p.m. in the Type 40 
rotor of the Beckman Model L ultracentrifuge. Two aliquots 
of the supernatant were analyzed for A component activity 1n 
the electrophoretic assay (see section 13 above). The first 
aliquot of lOOpl was analyzed directly without further proc-
essing. The second aliquot of 50pl was mixed with 50µ1 of a 
similar~y prepared extract of wild type larvae. The mixture 
was then analyzed for A component activity. The processed 
analytical gel of the first sample was used to verify that 
detectable quantities of the A components were present, The 
processed analytical gel of the second se.mple was inspected 
for the presence of A component with unusual electrophoretic 
mobility. 
15. SDS Polyacrylamide Gel Electrophoresis. 
SDS polyacrylamide gel electrophoresis was carried out 
according to the method of Weber and Osbcrn (144). Cyto-
chrome c, myoglobin, chymotrypsinogen, o7albumin, bovine 
serum aJbumin, glutamic acid. dehydrogenase, phosphorylase a, 
and. catalase were used as molecular weight standards, Their 
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mobilities relative to bromphenol blue were calculated and. 
plotted as described by Weber and Osborn. A linear stand.ard 
curve was obtained. In addition to the standard sample ap-
plication buffer described. by Weber and Osborn (0.0lM 
phosphate, pH 7.0, containing 0.1% SDS and. 0.1% ~-mercapto­
ethanol), the following sample application buffers were oc-
casional~y used.a same as the standard buffer but containing 
8M urea or 1% SDS. In addition to the Weber and Osborn tech-
nique of incubation at 37°c. for 2 hours before electropho-
resis, samples were sometimes heated at 50°c. for one hour, 
86°c. for one hour or ioo0 c. for 15 minutes in the buffers 
describ~d above. 
16. Analytical Electrofocusing. 
Analytical electrofocusing in polyacrylamide gels was 
carried out as described by Wrigley (145). Since the A1 
component was found to be unstable under the conditions of 
the gel polymerization reaction, the layering method of 
sample application was used. 
17. An.alytical Ultracentrifugation. 
Band sedimentation experiments were carried out in the 
Beckman Model E analytical ultracentrifuge equipped with a 
photoel~ctric scanner. The Type ANA rotor was used with a 
double sector cell. The sedimentation medium was 90% n2o, 
O.lM NaCl in O.OlM TrisHCl, pH 7.9. The temperature was 
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20°c. ~he rotor speed was 52,000 r.p.m., and o.n. 280 _rec-
ordings were made at 8 minute intervals. Physical constants 
for D2o were taken from the report of Baker and La. Mer ( 149). 
18. Lipid Determination. 
Sa.r:i.ples of purified A1 prepared according to Table 3 
(lOOpl, containing OR~g of protein in O.Oltl TrisHCl, pH 7.2) 
were mixed with an equal volume of 4M KOH in a sealed tube 
and heated in a boiling water bath for 2 hours. The hydro-
lysates were cooled, diluted with 0.5ml of H2o and acid.-
ified with 15µ1 of concentrated H2so4 . The hydrolysate was 
then extracted 3 times with 0.5ml of chloroform. The extracts 
were pooled and made up to 5.0ml with chloroform. The ex• 
tracts were then analyzed for free fatty acids by the ex-
tremel:y sensitive method. of Mahadevan tl .ru.,. ( 146) which can 
detect as little as 10 na.nomoles of fatty acid. This pro-
cedure was followed exactly as described. with the slight 
modification that the extracts were not diluted for assay as 
Mahadevan tl al. describe. Buffer blanks processed as de-
scribed above gave values equal to those obtained with pure 
chloroform. A series of lauric acid standards gave a linear 
standard cure (see below). 
19. mh~sphate Determination. 
Phosphate was determined by the method of Chaldvarjian 
and Rudnicki (147) which can detect as little as 1.0 nano-
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mole of phosphate. 100µ1 samples of purified A1 prepared ac-
cording _ to Table 3 were analyzed (250µg/ml of protein in 
O.OlM TrisHClJpH 7.2). Samples of BSA at the same level of 
concentration gave analyses equivalent to the H2o blank. 
Phosphate standards gave a linear standard curve (see below). 
20. Protein Determination. 
Protein was d.etermined by the method of Lowry ( 147) • 
21. Copper Determination. 
Total copper content was determined by the oxalyl 
dihyd.razide method of Stark and Dawson ( 148) , except that 
0.5M HCl was used to release the copper, and the final 
reaction volume was reduced to 0.5ml. Active phenol oxidase 
(ebony heavy band l.70mg/ml) was prepared by Blumenthal 
(126). 300)11 aliquots of the active enzyme were analyzed. 
150)11 aliquots of purified A1 prepared by the method outlined 
in Table 3 (0. 6Jmg/ ml ) were analyzed. Copper standards gave 
a linear standard curve (see below). 
22. Amino Acid Analysis. 
Protein samples were hydrolyzed in 6N HCl in sealed 
vials at ll0°c. for 12 hours. The amino acid content of the 
hydrolysate was analyzed on a Beckman Amino Acid Analyzer. 




Urea was Mann Ultra Pure (Mann Research Lab.). Acryl-
amide And methylenebisacrylamide were Canalco Prep-Disc 
grade. SDS was technical grade (Matheson, Coleman, and Bell). 
DOPA was from Nutritional Biochemical Co. Tris was Trizma 
Base from Sigma Chemical Co. Myoglobin was Calbiochem A 
grade. Bovine serum albumin, catalase, ovalbumin, glutamic 
acid dehydrogenase, phosphorylase a, and chymotrypsinogen 
were fTom Sigma Chemical Co. 
S&turated (NH4) 2so4 was prepared in O.lli phosphate 
buffer, pH 6.3 without readjustment of the final pH, and 
partia:ly saturated solutions were always prepared by 
dilution with O.ltl phosphate buffer, pH 6.3. 
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RESULTS 
1A. Electrophoretic Assay of A Components. 
The A components of Drosophila phenol oxidase are iden-
t1f1ed by reference to their electrophoretic mobility on poly-
acrylamide gels. Figure 1 shows a series of such gels. If 
the gels are not preincubated in crude S, no melanin is de-
posited during incubat ion 1n substrate. The A2 and AJ com-
ponents have nearly the same electrophoretic mobility and are 
not always readily separated by this technique. The A1 com-
ponent is distinguished by its substrate specificity since it 
is the only component which gives rise to an enzyme which can 
act on monophenols. The eleotrophoret1o assay was used rou-
t1nely to determine the A component compo sition of samples 
containing latent phenol oxidase activity. 
1B. Survez of Mutant Strains for Electrophore t ie Variants 
of the A Components. 
The electrophoret1c assay described above was used to 
screen a series of strains carrying mutations affecting cuti-
cular structures for eleetrophoretic variants of the A com-
ponents. Late third 1nstar larvae were extracte~I and the 
extracts analyzed as described in Materials and Methods (sec-
tion 14). The following strains were testeds tan-1 (t1)., 
ebonY-11 E~11FI hlack E£FIyellow E~FI Blond (!(ls2)Bld/Clb), 
alphaE~£ £t!. and~ pP). No electrophoretic variants of the 
A components were detected in these strains. 
Figure 1. 
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The eleotrophoret1o assay of the A components. 
An extract of 4 to 7 hour prepupae was prepared 
according to Materials and Methods (section 14). 
Aliquots containing an amount of extract corre-
sponding to 1.5 animals were subjected to electro-
phoresis on polyacrylam1de gels (see Materials and 
Methods, section 13). Gel number 1 was 1noubated. 
in substrate without activation in crude s. Gels 
2 and J were incubated in substrate after treat-
ment in crud.e S. The faint AJ band in the orig-
inal gel is not reproduced in the photograph. The 
arrow at the left indicates the direot1on of mi-
gration. 
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2. Quontitative Assay of A Components. 
Development of handling methods and purification pro-
cedures for the A components d.epended upon the availability 
of a quantitative assay for latent phenol oxidase activity. 
Two such methods were employed in this study (see Materials 
and Methods, section 4.), the first was superceded. by the 
second. In the first metho~ (Assay I) , the unknown is in-
cubated for a stand.ard time with equal volumes of crune S 
and H. The mixture is then assayed for phenol oxidase activ-
ity. ~he H was included in the assay mixture because crude 
S preparations were found to vary in their ability to activ-
ate purified A components. For example a crude S preparation 
which could activate crude A components might have no activ-
ity with purified components. Another sample of crude S, 
prepared. by the same method, might activate 'both pure and. 
crude A components. It appeared. that there was an essential 
activating factor with an ammonium sulfate precipitation 
profile which overlaps those of S and the A components and 
which was removed from the crude A components during purifi-
cation. This factor could be supplied by adding H to the 
assay mixture. Later, a more reliable method. was developed 
for preparing crud.e S which always could activate purified A 
components; such crude S presumably contains both activating 
factors. S and P. 
method (ftssay II). 
This is the foundation of the second assay 
In this assay, an aliquot containing the 
unknown quantity of A components is incubated with an equal 
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volume of crude S; the phenol oxidase activity is assayed 
after a fixed incubation period. The standard curve for this 
assay is given in Figure 2. This curve deviates strongly from 
a straight line. In ord.er to obtain reliable quantif icat1on 
of A component activities, samples were concentrated or dilu-
ted as necessary to bring them into the 1 to 2 unit range. 
In this range, which is a convenient working level of activity, 
the assey curve can be approximated by a straight line. An-
other ad.vantage of working in this range is that the cruoe S 
concentration is not a critical variable since doubling the 
incubation time does not alter the level of activity obtained. 
The assay curve demonstrates an important difficulty encoun~ 
tered i~ working with the A components. 
ction is extremely sensitive to dilution. 
The activation rea• 
Ten fold dilution 
of a sample which can readily be assayed may well bring it 
out of the useful range of the assay. For this reason, it is 
necessary to begin fractionation procedures which involve 
dilution with very concentrated solutions of A components. 
3. Blo~~cing the Activation Reaction. 
The tendency of Drosophila homogenates to convert the A 
components to active phenol oxidase was the major obstacle to 
be surmounted in the purification of the A components. If 
the activation reaction is not blocked at all stages in the 
purification, particularly during the early stages when 
relatively large quantities of S and P may be present, com-
plete activation may occur in a matter of minutes. Even 
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Figure 2, The standard curve for Assay II. Crude A 
was prepared according to Materials and Methods 
(section 5B) from 4 to 7 hour prepupae, The ex-
tract was dialyzed against 0.01 ~ Tr1sHC1 over-
night, and a series of dilutions of the d1al7zed 
solution was prepared and assayed for A component 
activity in Assay II (see Materials and Methods, 
section 4B). The abscissa indicates the dilution 
of the sample assayed for each point relative to 
the und.iluted dialyzed extract. Thus 100% refers 
to the undiluted extract, and 50% refers to the 
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partiEt-1 activation is decided.ly undesirable since small 
amounts of phenol oxidase activity will lead to melanization 
and loss of A component activity. Many preparations were 
lost to activation before reliable procedures were d_eveloped. 
Fortunately, several methods are available to block the 
activation reaction. Used singly and in combination, they 
permit relatively facile handling of the A components. The 
first of these metl-iods is the use of high ionic strength. 
Buffers containing 1.5 M KCl were found. to block activation 
completely. This method suffers from the disadvantage tl-iat 
the salt must be removed or diluted. out before the A com-
ponent assay can be performed. Of course, many fractionat-
ion proc~dures cannot be carried out in the presence of high 
ionic strength buffers. A second method of blocking activat-
ion is the use of 1 M urea. Although this concentration of 
urea does not block activation completely, it approximately 
doubles the lag period in the activation of crude homogenates. 
It is tl-ierefore useful in the preparation of crude extracts. 
The simp~est method for blocking activation is dilution. 
Activation in very dilute solutions is greatly retarded; J this 
is part of the rationale behind the large volume of ex7 ac-
tion medium used in the initial stages of purification. The 
/ 
A components differ in thermostab111ty from the activating 
factors. This is illustrated in Table 1. Heating at 4o0 c. 
has no me~surable effect on the A component activity, but 
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Crude A was prepared according to Materials and Methods 
Esect1o~ 5A). A component activity was assayed 1n Assay I 
(see Materials and Methods, section 4A). Crude S was pre-
pared according to Materials and Methods (section 2A) and 
assayed for S aot1v1ty by testing its activity on crude A 
in Assay I. 
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Thus, extracts can be protected from activation by heating at 
4o0 c. 
The most effective method. for blocking activation is 
utilizr~tion of 4 to 7 hour prepupae as starting material. At 
this stage, no phenol oxidase activity is pToduced by homog-
enates, even after prolonged incubation (125). However, the 
A assay reveals large quantities of A components. Thus, 
precisely staged prepupae can be used as a source of stable 
A comp~nentsK This approach is not without difficulty. 
Stagins prepupae is a tedious and time consuming task. The 
yield of staged animals is reduced substantially by compar-
ison to unstaged cultures. However, the low yield is com-
pensated for by the consistently high A component content of 
staged animals. The peak phenol oxidase potential is nor-
mally observed just before puparium formation (125). Cul-
tures of late third instar larvae, especially when crowded, 
may contain immature larvae which have not yet reached the 
peak phenol ox1dase potential. Selection of prepupae pro-
vides assurance that the cultures are mature and healthy. 
4. Pre-earation of Crude Extracts. 
Blocking activation as outlined above, two types of 
crude extracts have been prepared.. In the first type, late 
third instar larvae are ground to a fine powder in 11qu1d 
nitrogen and extracted in buffer containing 1.0 M urea. The 
37.5% to 56% saturated (NH4) 2so4 fraction is prepared and 
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heat tre.9.ted at 4o 0 c. in buffer containing 1. 5 M KCl. Sub-
sequent handling would then use high ionic strength buffer 
whenever possible. In the second procedure, 4 to 7 hour 
prepupae are ground 1n 37.5% saturated (NH4)2so4 , a cond.ition 
which extracts A1 preferentially (see below). The 37.5% to 
56% saturated (N H4) 2so4 fraction is then prepared. In con-
trast to larval extracts, prepupal extracts have little 
tendency to activate even on prolonged incubation (24 hours) 
at 4°c. An average of 300 units of A component activity per 
gram of animals was obtained. This represents a substantial 
improvement over the highly variable figure of 50 to 150 
units peT gram obtained with larvae. 
5. Fractionation Procedures. 
A. General. 
The lability of the A components under cond.itions 
which permit activation places severe restrictions on frac-
tionation methods. Adsorption techniques such as ion ex-
change chromatography were found to be generally inapplicable. 
Adsorption to a column of any sort (DEAE-cellulose, DEAE-
Sephadex, SE-Sephadex, hydroxylapatite, and Celite 535) was 
always associated with complete or partial activation and 
consequent poor recovery. The concentration of A component 
activity ~ould never exceed 1000 units per ml. except in the 
presence of 1.5 li KCl or in very pure preparations. Gener-
ally, concentrations higher than 500 units per ml. were 
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avoided since trace quantities of the activating factors 
might be concentrated to levels sufficient to bring about 
activation. 
B. Gel Filtration. 
The behavior of crude A components on Sephadex 
G-200 and G-100 is shown in Figures J and 4. Only a single 
peak of A component activity was observed in 27 experiments. 
The K values of o.46 and 0.18 for G-200 and G-100 respec-
av 
tively <.;;orrespond to a mo.lecular weight of 77,000 daltons 
(151). Recovery of A component activity from gel filtration 
columns was 80%. Since the bulk of the protein present in 
crude extracts can be separated from the A components by gel 
filtration, this constitutes a useful technique. A 6 to 9 
fold purification is obtained on G-200 chromatography of 
crude extracts. 
c. Preparative Isoelectric Focusing. 
Preparative isoelectric focusing in pH gradients 
of synthetic ampholytes is of great utility in the purifi-
cation o~ the A components. The behavior of the A components 
on electrofocusing is shown in Figure 5. In this experiment, 
which used larval material, two peaks of A component activity 
were obtained, one peak at pH 6.o and. another at pH 5.1. 
The pH 5.1 peak shows some sign of splitting into two peaks. 
This has appeared reproducibly in several experiments. When 
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Figure 3. G-200 chromatography of crude A. The sample 
was crude A prepared from 20 g of 4 to 7 hour pre-
pupae. The oolumn was 4.o X 67 cm. The elution 
buffer was 0.02 ~ TrisHCl, pH 7.2. The flow rate 
was o.46 ml/min. Fraot1ons were collected at 20 
minute intervals. 20 pl aliquots ot each fraction 
were assayed in Assay II. The elevated baseline 
in the A component elution profile (closed cir-
cles) is due to a small amount of phenol ox1dase 
activity (0.5 u per 20 µl) in the crude S used 1n 
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Figure 4. 
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G-100 chromatography of crude A. The sample 
was crude A prepared from 10 g of 4 to 7 hour pre-
pupae. The elution buffer was 0.01 ~ Tr1sHCl, pH 
7.2. The elution rate was o.43 ml/m1n. Fractions 
were collected at 20 minute intervals. 20 pl ali-































Figure 5. Preparative electrofoous1ng of the A compon-
ents on a two pH unit gradient. The sample was 
prepared from 400 g of late third instar larvae 
(see Materials and Methods, section 5A), and had 
been previously purified by G-200 and G-100 chro-
matography. The conditions for electrofoous1ng 
were as described. in Materials and Methods (sec-
tion 9A). Focusing was carried out for 60 hours. 
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the two fractions containing A component activity were 
assayed on polyacrylamide gels, the A1 component was found in 
the pI 5.1 fraction, and. the A2 component was found. in the 
PI 6.0 fraction (Figure 6). Note that the A1 fraction 
contains two very closely spaced. bands of A component activi-
ty. When samples prepared from prepupae by extraction in 
J?.5% saturated (NH4)2so4 (see Materials and Methods, section 
5B.) were analyzed by electrofocus1ng, no A2 component peak 
was found, indicating that A2 is not extracted by this 
method. 
A d.istinct advantage of the electrofocus1ng technique 
is the utilization of a relatively dilute sample which be-
comes concentrated as it ls purified.. This feature mini-
mizes loss due to activation. The electrofocusing method 
does present one difficulty, long running time (48 to 72 
hours). This problem has been solved and. resolution im-
proved. by utilization of a preformed., expanded. pH gradient 
in the following fashion (see Materials and. Methods, section 
9B.). First an equilibrium pH gradient 1s prepared by 
electrofocus1ng a high concentration of ampholytes without 
a protein sample. The gradient is collected in fractions 
and the ~ubes are stored which span a one pH unit range with 
the pI of' A1 in the center. In order to fractionate a pro-
tein sample, trie first half of the preformed gradient is 
introduced into the column. The sample is then mixed. with 
t he tube which matches the 1soelectr1c point of A1 and intro-
-70-
F1gure 6. Electrophoret1c analysis of the A component 
fractions recovered from eleotrofocusing. The gels 
were developed for A component activity and in-
cubated in the substrate indicated (see Materials 
and Methods, section 13). Gel number l shows the 
pI 6 fraction (fraction 44 in Figure 5). Gels 2 
and 3 show the pI 5 fraction (fraction 36 1n Fig-
ure 5). The sample applied to gel number 1 con-
tained 115 pg of protein. The samples applied to 
gels 2 and 3 contained 25 pg of protein. The 
















d.uced. :tnto the middle of the column. The remainder of the 
preformed gradient is layered on top of the sample. Sharp 
protein zones can then be focused in 12 to 15 hours with 
improved resolution. Some precipitation of contaminants 
occurs during focusing, but this d.oes not interfere with the 
purification. Refrigeration of the column to 9°c. greatly 
reduces precipitation but d.oes not affect the yield. The 
yield of the A1 component is 40%. Analytical acrylamide gels 
of typical products from electrofocusing experiments in two 
pH unit gradients are shown in Figure 7. Note that the A1 
component is recovered with very few contaminants. The A2 
component, focusing somewhat closer to the main protein peak, 
is recovered in less pure form. The ~ifference in the purity 
of the .A1 samples shown in Figure 7 (gels 1 and. 2) is prob-
ably due to variation in the composition of the sample ap-
plied to the electrofocusing column and. is not due to vari-
ability in the resolution of particular electrofocusing 
experime~tsK Re-electrofocusing a sample such as that illus-
trated by gel number 2 in Figure 7 does not result in improved 
purification. Because of the low risk of phenol oxidase acti-
vation a.nd. the excellent purification obtained, electrofocus-
ing is an extremely useful technique for the A components. 
D. ·Preparative Polyacrylamide Gel Electrophoresis. 
Preparative electrophoresis on sieving polyacryl-
amide gels is a very useful method in the final stages of 
Figure 7. 
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Blectrophoretic anal7sis of the A component 
fractions recovered from electrorocusing in two 
pH unit gradients (see Materials and Methods, sec-
tions 13 and 9A). The gels were stained for pro-
tein. Gels 1 and 3 show the pl 5 and pl 6 rrac-
tione recovered from the experiment shown in Fig-
ure 5. Gel 2 shows the pI 5 fraction obtained 
from a different experiment using 4 to 7 hour pre-
pupae (see Materials and Methods, section ,SB). 
The samples applied to gels 1 and 2 each contained 
100 pg or protein. The sample applied to gel 3 
contained 230 pg of protein. The arrow at the left 
indicates the dlreotion of migration. 
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Fraction: p!5 






purification of the A1 component. A1 can be eluted from 
such gels very reproducibly over a JO minute period from 
4.75 to 5.25 hours after beginning electrophoresis (see 
Materials and Methods, section 8. for conditions). The 
yield varies from 10% to 90%. If samples containing 250 
units cf A1 activity (about 0.5 mg of protein) or less are 
used, excellent recovery can be expected. With samples of 
over 500 units (about 1.0 mg of protein or more), consid-
erable activation and precipitation occurs at the spacer 
gel-separating gel interface, and yield is drastically 
reduced. Furthermore, if the gel is overloaded and activ-
ation ocqurs, poor purification is obtained.. However, 
preparative electrophoresis is a valuable and reliable 
technique for small samples. 
E. DEAE-cellulose Chromatography of A2 • 
Although consistently poor recoveries prevented 
the use of DEAE-cellulose in the usual adsorption and 
elution fashion, conditions were found such that only 
contaminants were adsorbed to the column while the A2 com-
ponent passed through. This procedure has a yield of 90%1 
it is useful in the preparation of A2 • 
F. Hydroxylapatite Chromatography of A2 • 
Although it proved diff 1cult to elute A1 from 
hydroxylapatite, A2 can be eluted readily in 0.3 M pyro-
-76-
phosphate with a yield of 80%. This step 1s useful at the 
final stages of A2 pur1f1cat1on. 
6. In·i:;ee;rated Purification Schemes. 
The procedures described above have been combined into 
two purification schemes for A1 using larvae (Table 2) and 
4 to 7 hour prepupae (Table 3). Both of these proced.ures 
have been carried out routinely. The A2 component may be 
recovered in the f 1rst procedure only by passing the product 
obtained by electrofocusing over DB.AB-Sephadex and. hydroxyla-
patite as described above. The second method, as mentioned. 
earlier, uses a higher specific activity starting material 
and involves considerably less risk of loss due to activat-
ion. The A1 component 1s therefore somewhat easier to pre-
pare. Por this reason, as well as its abundance and its 
unambiguous definition by substrate specificity on analytical 
polyacrylamide gels, most purification work has been d.ireoted 
towards A1 • Analytical polyacrylamide gels of final products 
are shown in Figure 8. The products of both procedures 
(Tables 2 and 3) are referred to as "purified A1" below. 
7. Criteria of Purity and Properties of A1 • 
A. SDS Polyacrylam1de Gel Electrophoresis. 
When analyzed on SDS polyaorylamide gels (144), 
Table 2. 
Purification of A1 From 100 Grams of Larvae 
Total Total Specific Yield 
Soluble Units of Aot1v1ty in for Pur1f1oat1on 
Protein A Component Un1 ts per mg of' Step for 
Step (mg) Activity Soluble Protein <%> Step 
(NH4)2so4 2500 13,700 5.5 
precipitate 






(2 pH unit 
gradient) 
Pre para ti ve 
Electro-
phoresis 
88 8,800 100 80% 2 x 
6.7 J,000 450 J4% 4.5 x 
1.6 900 .560 30% 1.25 x 
Total yield relative to crude A • 6.5% 
Total purif 1cat1on relative to crude A • 101 fold 






Pur1f1eat1on of A1 From 10 Grams of Prepupae. 
Total Total SpecU'ic Yield 
Soluble Units of Activity in ror Purification 
Protein A Component Units per mg of Step for 
Step (mg) Activity Soluble Protein (%) Step 
(NH4)2S04 230 2900 12.5 
precipitate 











1040 500 45% 5 x 
520 560 50% 1.1 x 
Total yield relative to crude A = 18% 
Total pur1f1cat1on relative to crude A = 44 fold 







Electrophoretic anal7sis of purified A com-
ponents (see Materials and Methods, section lJ). 
Gel 1 shows purified A1 produced b7 the scheme 
shown 1n Table 2 (22 pg or protein)1 gel 1 was 
stained for protein. Gel 2 shows the same sample 
as gel 1 (5 µg or protein), but the gel was de-
veloped for A component activity. Gel 3 shows the 
product of the pur1f icat1on scheme for A1 0Ut-
lined in Table 3 (10 p.g of protein)1 gel 3 was 
stained for protein. Gel 4 shows purified A2 
prepared as described in Results (section 6) (10 µg 
of protein)1 gel 4 was stained for protein. The 
arrow at the left indicates the direction or mi-
grat1on. 
/ 
Gel Number: 2 3 4 
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purified A1 gives two very closely spaced bands of unequal 
intensity, the more rapidly moving band being the less in-
tense (Figure 9). By reference to a calibration curve based 
on standard proteins of known molecular weight (see Figure 
10), the molecular weight of the major band is 77,000 
daltons. No sign of dissociation of the form seen on SDS 
gels was ever observed. 'rhe various condi t1ons of sample 
preparation (see Materials and Methods, section 15.) such as 
heating at 86°c. in 8 M urea did not affect the mobility of 
A1 on SDS gels. 
B. Band Sed.imentation. 
The sedimentation of purified A1 was observed in 
the analytical ultracentrifuge (Figure 11). An s 20 ,w of 
8,2s was obtained (assuming a partial specific volume of 
0.70 ml/g). No minor components were observed. A contam-
inant present in 25% of the concentration of A1 could have 
been detected. 
c. Gel Electrofocusing. 
Samples of purified A1 were analyzed. by electro-
focusing in polyacrylamid.e gels (Figure 12) (145). Two 
closely spaced protein bands were observed.. The more acidic 
band stained. darkest, and the ratio of staining intensities 
of the two bands appeared to be the same as the two bands 
observed on SDS gels (see section 7A. above). Both bands 
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Figure 9. Electrophoretic analysis of purified A1 on 
an SDS polyacrylamide gel (144) (see Materials 
and Methods, seot1on 15). The sample was 10 µg 
or purified A1 prepared acoord.1ng to Table 2. 
The sample was applied 1n 0.01 M phosphate buf-
fer, pH 7.0. containing 0.1% SDS and 0.1% 
~-meroaptoethanolK Before appl1cat1on to the gel 
the sample was incubated at 37° for 2 hours. The 
pattern shown in the photograph 1s unaffected by 
any of the more violent denaturing oond1t1ons 
tested. The arrow at the left indicates the 
direction of migration. 
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Figure 10. The mob111ty of stand.ard proteins and A1 on 
SDS polyacrylam1de gels (144) (see Materials and 
Methods, section 15). The mob111ties of 10 pg 
samples of several stand.ard proteins were deter-
mined relative to bromphenol blue. The samples 
were applied to the gels in 0.01 ~ phosphate 
buffer, pH 7.0, conta1n1ng 0.1% SDS and 0.1% 
~-mercaptoethanol after a 2 hour incubation at 
37°c. The mobility of A1 (see Figure 9) is 
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The sedimentation of purified A1 in the 
anal7t1cal ultracentrifuge, The sample was 
15 µg of A1 prepared according to the scheme 
presented in Table 3. The centrifugal cond.1-
tions were as described in Materials and. Methods 
(section 17). Rotor speed was 52,000 r.p.m. 
The recordings shown at the top were taken at 
16 minute intervals. The arrow below the trac-
ing shows the direction of sedimentation and the 
bar at the right shows the 0.2 o.n. 280 mp cali-
bration. The lower portion of the f 1gure shows 
the plot of the log of the distance of the peak 
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Time in minutes 
Figure 12. 
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Analysis of purified A1 by analytical 
electrot'ocusing ( 14.5) (see Ma.terials and Methods, 
section 16). The figure shows a drawing of an 
analytical electrofocusing gel (the original 
could. not be photographed clearly) • The sample 
was 14 µg of purif 1ed A1 prepared according to 
Table 2. The gel was stained for protein. The 
bar at the right indicates the direction of the 
pH gradient. 







had A component aotivitye 
D. Copper Content. 
The total copper content of A1 was analyzed by the 
o:xalyl dihydrazide method (148) which can detect as little 
as 0.1 p.g of copper (see Materials and Methods, section 21). 
The standard curve for this determination is shown in Figure 
13. Duplicate samples of purified A1 (94 µg of protein per 
sample, prepared according to the scheme outlined in Table 3) 
contained 0.15% copper (corresponding to 0.11 O.D. 540 mp). 
Duplicate samples of eb9n1 heavy band phenol oxidaae (510 µg 
dry weight per samples prepared by A. Blumenthal) contained. 
0.14% copper (corresponding to o.46 o.n. 540 mµ>• 
E. Lipid Content. 
Sinoe active phenol ox1dase was reported to contain 
11p1d (126), duplicate samples of pur1tied A1 (25 pg ot pro-
tein per sample, prepared according to Table 3) were sub-
jected to alkaline hydrolysis, ac1d.if1ed, and methanol ex-
tracted. The methanol extract was assayed for ratty acids by 
a very sensitive method (146) which can detect as little as S 
nanomolas or fatty acid (see Mate~ials and Methods, section 
18). The standard curve for this assay 1s shown in P1gure 
14, Fatty ao1ds could not be detected in purified A1 • The 
limits of sensitivity of the assay and the s1gn1f1oanoe 
Figure 13. 
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The standard curve for the total copper 
determ1nat1on (148) (see Materials and Methods, 
section 21). The abscissa shows the copper 
concentration of the assay mixture 1n pg/ml. The 
copper standards were prepared from clean copper 
w1re. Duplicate 94 pg samples or pur1f1ed A1 
(prepared according to Table 3) gave o.n. 542 mp 
values of 0.11 O.D. Duplicate 510 µg samples of 
ebony heavy band phenol oxidase (prepared by A. 




















The standard. curve for the fatty acid deter-
mination (126) (see Materials and Methods, sec-
tion 18). The abscissa shows the total quantity 
of fatty acid in the assayed sample. The stan-
dards were prepared by serial dilution of a 
laur1o acid. solution in chloroform. Duplicate 
samples of A1 (25 µg of protein prepared ac-
cording to Table 3) gave baseline o.n. 540 mµ 
readings. 
0.4 
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of th1s result are d1soussed below. 
F. Phosphate Content. 
Since active phenol oxidase was reported to contain 
phosphate (126), duplicate samples of purified A1 {25 µg or 
protein per sample, prepared according to Table 3) were sub-
jected to perohloric ac1d digestion and analyzed for phosphate 
(147) (see Materials and Methods, section 19). Non-digested 
samples were used to control for the presence of 1norgan1c 
phosphate. The standard curve for th1s analysis is shown ln 
Figure 15. One nanomole of phosphate could be detected.. No 
organic or inorganic phosphate could be detected in purified 
A1 • The limits of sensitivity of this d.eterminat1on and 1ts 
significance are discussed below. 
G. Amino Acid Analysis. 
The partial amino acid analysis of pur1f1E?d A1 is 
given in Table 4. An unknown peak with a retention time 
similar to that of lysine was not 1d.entified. The amino acid 
analysis of ebony heavy band. phenol ox1dase is shown for 
compar1~on (126). 
8. EnzYJ!1at1c Properties of Purified A1 • 
A. Lack of Phenol Ox1dase Activity. 
Purified A1 has no phenol oxidase activity which 
can be measured by the usual spectrophotometric assay. Phenol 
oxidase activity cannot be detected 1n analytical polyacryl-
F1gUre 15. 
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The ·standard curve for the phosphate deter-
mination (147) (see Materials and Methods, sec-
tion 19). The abscissa shows the total quantity 
of phosphate 1n the assay mixture in nanomoles. 
The standards were prepared by serial dilution 
of a solution of inorganic phosphate. Duplicate 
samples of A1 (25 µg of protein prepared aocord-
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Table 4. 
Partial Amino Acid Analysis of Purified. A1 
and Banded Phenol Ox1dase. (moles %) 
* Amino Acid A1 Phenol Oxidase 
ASP 12.6 9.6 
THR 5.7 7.4 
SER 5.6 5.4 
GLU 9.8 11.9 
PRO 4.2 5.9 
GLY 12.7 12.2 
ALA 10.8 7.5 
VAL 6.5 3.6 
MET 0.7 1.4 
ILE 4.5 4.7 
LEU 8.2 7.2 
TYR 1.4 2.8 
PHE 4.1 4.5 
HIS 1.8 1.7 
LYS 3.7 7.6 
llRG 5.7 4.8 
UNKNOWN 
* Purified A1 was prepared according to Table 2. 
** The data for banded phenol ox1dase are taken from 
Blumenthal, Table 8 (126). 
The analyses were carried out according to Materials 
and Methods (section 22). 
** 
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amide gels of purified A1 without incubation in crude s. 
B. Act1vat1on by ~-chymotrypsinK 
When solutions of purified. A1 ( 25 pg/ml) were in-
cubated for 15 minutes at 20°c. with ~-chTg1otrTps1n at oon-
centrat1ons up to 1 mg per ml in 0.01 ! TrisHCl, pH 7.2, no 
phenol oxidase act1vity was observed 1n the usual assay. How-
ever, after prolonged 1ncubation (60 m1nutes) in DOPA, some 
dopaehrome formation was observed. This level was tar below 
the useful range or the phenol oxidase assay and must repre-
sent a very small fraction of the potential activity. 
c. Lack of Activation With Purified s. 
Puritied A1 has tailed to produce phenol oxidase 
* activity on incubation with purified S in many experiments 
over a wide concentration range. Purified S will not act-
ivate purified A1 in the eleetrophoret1o assay. The possi-
ble effect of purified s on the molecular weight or A1 was 
tested in the following fashion. Purified S was incubated 
with partially purified A1 (material which had been carried 
through all but the final step of the scheme given 1n Table 
3). Aliquots were removed from the incubation mixture after 
30 and 6n minutes or incubation. Upon removal from the mix-
ture the "reaction" was stopped by the addition of SDS, and 
* Purified S was prepared by Mr. D. Seybold. 
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the samples were analyzed by SDS gel electrophoreRis. No 




Demonstration of the lack of etteot or puri-
fied S on the molecular weight of A1 as deter-
mined by SDS gel electrophoresis (144) (see Ma-
terials and Methods, section 15). The purified 
S was prepared b7 11r. D. Se7bold. The part1all7 
purified A1 was material which had been carried 
through all but the t1nal step of the scheme 
shown in Table 3. All gels were stained for pro-
tein. Gel number 1 shows 12 µg of part1all7 pu-
rified A1 alone. Gel number 2 shows 5 µg of pu-
rified S alone. Note that no dark bands are vis-
1ble 1n gel number 2 which might obscure bands in 
the mixture applied to the following gels. Gel 
number 3 shows a mixture of 6 µg of part1al17 
purified A1 and 5 µg ot purified S preincubated 
for 30 minutes at 4°c. in 0.01 I TrisHCl, pH 7.2 
before the addition of SDS. Gel 4 1s the same 
as gel 3, except that a 60 minute pre1ncubation 
was used. The A1 band has the same mobility on 
every gel. All samples were applied to the gels 
in 0.01 ! phosphate butter, pH 7.0 containing 
0.1% SDS and 5% $-mercaptoethanol after 1noubat-
1ng at so0 c. for 1 hour. The arrow at the left 
1nd1cates the direction or migration. 
-10 2-
Sample: A1 s 
Preincubation: 
Gel Number: 2 
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DISCUSSION 
It has been possible to prepare the A components of the 
latent Drosophila p°f'lenol oxidase in stable, purified form. 
Although they are normally converted. to active phenol ox1dase 
in crude extracts, reliable met°f'lod.s for purifying the A com-
ponents have been developed. The A1 component was shown to 
be free of major contaminants by analytical polyacrylam1de 
gel electrophoresis, analytical electrofocus1ng, and band 
sedimentation. 
The presence of three A components was described by 
Mitchell and Weber (120). The A1 component gives rise to an 
active phenol ox1dase which can act on both monophenols and. 
diphenols. The A2 and AJ components give rise to ox1dases 
which can act only on diphenols. The A components can be 
distinguished both by their electrophoretic mobilities and by 
their solubilities in (NH4) 2so4. The present work has veri-
fied the presence of three A components in crude extracts. 
However, only the A1 and A2 components were obtained. upon 
fractionation of crude extracts. Several explanations may be 
proposed to resolve this conflict. The A3 component may be an 
electrophoretic artifact found only in crude fractions. An 
alternative explanation is that the A3 component is either 
labile or not extracted unde~ the conditions used. The lat-
ter possibillty is quite 11~Aly in the case of preparations 
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from prepupae where A2 was not extracted. A3 should be even 
less soluble than A2 under those conditions. The electro-
phoret1c assay for the A components does not provide quan-
titative data; it is therefore possible that the A3 component 
is simply not present in quantities which are detectable by 
the A component assay. Further analysis of the 37.5 to 41.% 
saturated (NH4) 2so4 fraction might clarify this question. 
The present work has shown that A1 and A2 are in fact 
chemically distinct proteins. Their isoelectric points are 
nearly a full pH unit apart, and the separated components 
show no sign of interconversion. This finding supports the 
model, further discussed below, that the proportions of the 
A components control the substrate specificity of the active 
phenol oxidase. It also represents an adnition to the list 
of dipher.ol oxidases without monophenol oxidase activity 
strengthening the concept that the enzyme plays an essential 
role in the oxidation of monophenols. 
The A1 component is a protein with a molecular weight 
of approximately 77,000 daltons as determined by SDS gel 
electrophoresis and gel filtration. The copper content 
suggests the presence of two copper atoms per molecule as in 
the phenol oxidases of other organisms. This result lends 
considerable credence to the hypothesis that A1 contributes 
active sites to the phenol oxidase molecule. Although there 
was no indication that A1 d.1ssoo1ates in SDS, the possibility 
that A1 is composed of subunits cannot be discarden at the 
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present time. The most violent conditions tested (boiling 
in 1% SDS) are sufficient to dissociate most proteins. How-
ever, the possibility remains that A1 is an unusually stable 
multimer. It should be recalled that mushroom phenol oxi-
dase is unusually stable to dissociation in SDS (9, 18). It 
is perhaps of greater relevance that the Bombyx phenol oxi-
dase proenzyme, which is thought to be a multimer, does not 
dissociate in SDS (115). 
An interesting question is raised by the presence of 
microheterogene i ty in purified. A1 preparations. Micro-
heterogene i ty was first ind.icated by analytical electro-
focusing and analytical electrophoresis. Preparative 
electrophoresis confirmed the presence of a minor species 
which appears in the same proportion in all analytical 
techniques. The major species is very slightly larger and 
more acidic than the minor species. Both forms have A 
component activity. The data do not permit an accurate 
estimate of the quantity of the minor species which is pre-
sent, but from its staining intensity on electrofocusing 
gels, the minor component probably represents less than one 
quarter of the total purified A1 • Two classes of explana-
tions m&y be proposed to explain the presence of the minor 
form. The first is that neither form is chemically derived 
from the other. They might represent true heterogeneity or, 
perhaps, genetic variation in the Oregon R stock. Analytical 
electrofocusing of extracts prepared from single larvae could 
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be used to refute a genetic explanation of m1croheterogeneity. 
Another class of explanations which can be considered is that 
the multiplicity of A1 forms is the result of partial acti-
vation. This possibility which seems rather likely will be 
discussed below. 
It appears that the S, P, and A1 components constitute 
a minimal activating system (12J). Purified S has no acti-
vating effect on purified A1 , and. activation evidently re-
quires the action of both S and P. The possibilities are 
presented. schematically in Figure 17. If S and P act se-
quentially, and. the activation of A1 proceeds through more 
than one step, then the minor component in purified A1 
* could be the product (A1 ) of one step in the activation 
reaction. On this view, it would be required that S act on 
A1 before P since all preparations would have been exposed 
to P to some extent. Yet purified A1 is not activated by 
* purified s. Of course, the putative intermediate A1 might 
be very unstable. An objection to the first possibility 
presented in the diagram is the absence of any effect of 
purified S on the molecular weight of A1 • However, the 
hypothetical action of S on A1 might not involve a large 
alteration in the molecular weight of A1 • 
The possibility remains that S and. P interact to produce 
the actual activator molecule which activates A1 ln a single 
step. This is the second model presented in Figure 17. Ac-
cording to this model, the actual activating factor is an 
Figure l?. 
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Two models for the activation of A1 • 
represents the hypothetical product of the 
** action of Son A1 • A1 represents the hypo-
thet1oal 1mmed1ate precureor to the phenol 
oxidase aggregate. 
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Multistep Activation of A 1 
Step I: S activation Pre s S- ac~vatorKI s 
Steps 2 B 3: A1 activation A1 S•A7 P .. A7* 
Step 4: Phenol oxidase aggregation 
nAT*~ Phenol oxidase 
Single Step Activation of A 1 
Step I: S activation S-activator Pre S S S 
Step 2: Aggregation of S and P S + p_.s - P 
Step 3: Activation of A1 A 1 SP .. A~* 
Step 4: Phenol oxidase aggregation 
n A~* • Phenol oxidase 
·' 
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aggregate of S and P. A variation of this model may be 
considered. The interaction of Sand. P may be the inter-
action of enzyme and. substrate, the product of the reaction 
being the actual activating factor. Recent results show that 
the activation of crud.e A1 by purified. S and purified P 1s 
accelerated by mixing and. preincubating S and P before the 
addition of A1 {123). This result strongly indicates that 
S and P interact in some fashion. Further analysis of the 
kinetics of the interaction of S and P should permit dis-
crimination between the alternatives of aggregation and 
enzymatic activity. Unfortunately at the present time, the 
purified S and P components are not available in sufficient 
quantity to permit the study of their interaction by the 
usual analytical techniques. If the actual activating factor 
is the product of the interaction of S and P, and the actvi-
ation of A1 proceeds in a single step, then the minor form 
of A1 might correspond to the hypothetical precursor to 
** aggregated phenol oxid.ase, A1 • ** A1 might not be fully ac-
tive until aggregated. The lower molecular weight of the 
minor form, indicated by SDS gel electrophoresis may be in-
terpreted as support for the hypothetical proteolytic 
mechanism of activation discussed below. 
The schemes proposed in Figure 17 do not specify 
mechanisms for any of the steps involved in the activation 
reaction. There are at least three distinct processes to 
consider, the activation of Pre-S, the activation of A1 , and 
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the aggregation of phenol oxidase. The information available 
at present does not allow any definitive statements about 
these reactions. qowever, the experimental data do limit the 
possible mechanisms, and certain altern.atives can be con-
sidered. Many authors have advanced the hypothesis that the 
activation of insect phenol oxidase involves limited proteol-
ysis (104, 107, 116, 127). This mechanism, which accounts 
for several well ~nown enzyme activation phenomena, may ex-
plain botl-i the activation of Pre-S and the activation of A1 
(150). Although Blumenthal found that in Drosophila, phenol 
oxidase activation is essentially insensitive to diisopropyl 
fluorophosphate, this result serves merely to rule out serine 
proteases (120). The phenol oxidase precursors of Calliphora, 
BombyX, and Drosophila can be partially activated by treat-
ment with a.-chymotrypsin (107, 116). Certainly, this infor-
mation does not directly support the hypothesis of limited 
proteolysis. It is quite easy to imagine that limited pro-
teolysis might expose a sterically blocked active site or 
bring about a conformational change which would result in 
activation. Such alterations in the proenzyme molecule might 
be the result of mechanisms other than proteolysis. In 
BombyX, the product of artificial proteolytic activation 
was analyzed (116). It had a molecular weight which was 
about half that of the proenzyme, and it did not undergo the 
normal aggregation reaction. In spite of these criticisms, 
the limited proteolytic mechanism is still the most attractive 
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hypothesis which has been proposed to date. As soon as 
purified S and purified. P are available in suff lcient quan-
tity, it should be possible to search for an intermediate 
** (A1 in Figure 17) derived from A1 by one or more proteolytic 
cuts in the polypeptide c~ain of the A1 molecule. 
Analysis of the enzymatically active product of the 
activatlon of purified A1 by purified S and purified P 
should further clarify the relationship of A1 to the aggre-
gates formed. in crude extracts studied by Mitchell et al. 
and Blumenthal (125, 126). The first question to consider 
should be easy to solves does purified. A1 aggregate when 
activated by purified. S and purified. P? One certainly would 
expect aggregation to occur in the purified activating system, 
but the aggregation reaction may require the catalytic action 
of an additional factor or the presence of A2 or A3 . The 
aggregation of fibrin following the limited proteolysis of 
f ibrinogen may be somewhat analogous to the aggregation of 
phenol oxidase ( 150). If aggregation d.oes occur in the 
purified system, then the molecular weight and d.issociabili ty 
of the aggregate could be determined. Since the presence of 
low molecular weight crosslinking agents could be rigorously 
excluded, the purlf led system could be used to test the 
possibility proposed by Mitchell and further discussed by 
Blumenthal that the active phenol oxidase is stabilized by 
quinone crosslinks. The effect of the ad.ditlon of controlled 
amounts of speclf ic phenolic substances on the aggregation 
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of phenol oxidase could be determined. The alternative 
possibility, that covalent crossl1nk1ng occurs, as in fibrin, 
without the presence of a low molecular weight crosslinking 
agent, could be tested in the purified system. Eventually 
it should be possible to prepare the A2 and AJ components 
in purified form. From the properties of tl-ie "complete" 
purified system, it would be possible to test the effect of 
the proportions of the A components on the substrate speci-
ficity, aggregation state, and. density of the active enzyme. 
Although the properties of the phenol oxidase produced 
in the purified. system have not yet been determined, it is 
possible to compare the properties of purified A1 with those 
of banded. phenol oxidase as reported by Blumenthal (126). 
In the following discussion it should be recalled that 
Blumenthal studied the phenol oxidase prepared from the 
ebony-11 strain while the present work has utilized the 
Oregon R stock. The amino acid composition of purified A1 
differs from that of banded phenol oxidase. Tl-te nifferences 
are probably due to the presence of other A components in the 
banded enzyme. The possib111t71:ttat ·B:tumenthal's preparations 
were contaminated by non-enzymatic proteins cannot be defini-
tively ruled out, but he did find that 14c labelled g_. coli 
proteins added to the activation mixture d.id not contaminate 
the banded enzyme. The copper content of purified A1 
(0.15% on the basis of protein content determined by the 
Lowry method) is nearly the same as that of banded phenol 
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oxidase (0.14% on the basis of dry weight). If the figure 
for banded phenol oxidase is computed with respect to 
Blumenthal's estimate of the weight per cent of amino acids 
in banded phenol oxidase (75%), then the copper content of 
the banded enzyme is 20,% higher than that of A1 . Of course, 
the copper content of band.ed phenol oxidase could be in-
fluenced by the presence of protein components other than 
A1 • In any case, the two figures are in the same range and 
are comparable to the figures reported for other phenol 
oxidases (compare, for example 0.15% copper for A1 to 0.15 -
0.16,% for the Bombyx proenzyme (115) ) . 
Blumenthal estimated that his preparations of banded 
phenol oxidase contained 25 to 35% lipid of which about one 
quarter was phospholipid, the rest being non-polar lipid 
(126). Although he did demonstrate the presence of fatty 
acids in his preparations, his quantitative figures are 
based on the difference between the total weight of his 
samples and the fraction of the total weight accounted for 
by amino acids. He did not make a direct, quantitative 
determination of the fatty acid composition. Further evi-
dence suggesting the involvement of lipoid~l material in 
phenol oxidase structure was provid.ed by Lewis and Lewis 
(127, 128). They found t~at delipidation of crude extracts 
lengthened the lag period preceding activation. Replacement 
of the removed lipid with endogenous lipid or certain exo-
genous lipids (cod liver oil, peanut oil, and cottonseed 
oil) reduced the lag period to a normal level. They also 
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showed that chloroform treatment of crude extracts marked.ly 
increased activation rates. Because of the interesting 
possibilities raised by the above experiments, and because 
lipid is a well known constituent of insect cuticle, samples 
of purified A1 were analyzed. directly for fatty acid content 
following alkaline hydrolysis. No fatty acid.s were detected. 
It can be seen from Figure 13 that quantities as small as 10 
nanomoles of fatty acid could. have been easily detected 
although as little as one half of this figure probably would 
have been seen. This puts the lower level of sensitivity of 
this determination at 8 to 16.% fatty acids by weight (assum-
ing a fatty acid with a molecular weight of 200 daltons). 
This assay would therefore have detected fatty acids down to 
about one third the level reported for banded phenol oxidase. 
Blumenthal reported that banded phenol oxidase contained 
phosphate at a level of 8.4 X io-8 moles/mg. The assay 
shown in Figure 14 could detect as little as io-9 moles of 
phosphate or 4 X 10-8 moles/mg. No phosphate was d.etected 
at this level which is about one half the amount reported by 
Blumenthal. It would appear then that A1 does not contain 
large quantities of neutral lipid or phospholipid. However, 
the presence of these substances in small amounts cannot be 
ruled out. What, then accounts for the presence of lipid 
in banded phenol oxidase? Two major possibilities may be 
considered. In the first case, lipid may be contributed by 
a protein component other than A1 • At the present time 
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there ls no evidence which suggests the existence of such a 
lipoprotein precursor to phenol oxidase. Another explanation 
which may be considered ls that since active phenol oxidase 
occurs as a high molecular weight aggregate, lipid could be 
adsorbed to the aggregate or even physically trapped within 
lt during isolation. This could resemble an adsorption 
reaction which might occur in cuticle. Perhaps such a pro-
cess explains the enhancement of phenol oxidase aot1vat1on by 
added lipid described by Lewis and Lewis (127, 128). This 
effect could be reinvestigated in the purified system where 
careful control of the composition of the activation mixture 
would be possible. Any tendency of the active enzyme to 
adsorb lipid should be easy to demonstrate. 
It is possible at this point to stress the similarity of 
the various insect phenol oxid.ases which have been studied. 
This similarity is particularly well illustrated. by the 
parallel between the BombYX proenzyme and A1 (115). Both 
are proteins of similar molecular weight and 1soeleotr1c 
point. They have nearly the same electrophoretic mobility 
on analytical polyacrylam1de gels and SDS gels. The copper 
content ls nearly the same in both cases. The Bomby:x active 
enzyme aggregates as in Drosophila. The only notable differ-
ence reported is the greater sensitivity of the Bombyx pro-
enzyme to activation by ~-chymotrypsinK The BombYX activat-
ing system has not been analyzed in detail, but those fea-
tures which have been reported resemble the Drosophila 
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enzyme closely. It will be recalled that the Drosophila S 
component crossreacts with the Calliphora proenzyme (124). 
It seems safe to predict that as further details of the 
Bombyx and Drosophila systems are elucidated, the pattern 
of similarity will be extended. 
The availability of purified. A1 should permit further 
clarification of several problematical aspects of Drosophila 
phenol oxidase in addition to those discussed above. In 
particular, the question of function is most important. 
Assuming the purity of banded. phenol oxid.ase, late third. 
instar larvae contain approximately 1.5 mg of phenol oxidase 
per gram of animals (calculated from figures in reference 
120). This represents 2.7% of the total soluble protein of 
the organism. Of course it is just this abundance which 
permits the purification of A1 from what is really a small 
amount of tissue (20 g of prepupae) by the usual standards 
of protein purification. The abundance of phenol oxidase is 
consistent with its proposed. role as a major structural 
protein. Utilization of purified A1 should permit a defin-
itive test of this hypothesis. Radioactive A1 could be 
prepared by labelling purified A1 in vitro with a suitable 
agent, perhaps tritium or l3lr. Labelled A1 could then be 
injected into larvae at various stages of development. The 
fate of the injected radioactivity could be followed by 
either autoradiography or liquid scintillation counting. If 
A1 is incorporated into cuticular structures, an obvious 
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incorporation of radioactivity into cuticle should be 
observed, This method could. also be used to define precisely 
the time of incorporation of phenol oxidase into cuticular 
structures. Of course, this approach depends upon the valid-
ity of the assumption that radioactive A1 injected into the 
hemolymph would reach the site of cuticle synthesis. This 
question can only be answered empirically. 
The attractive possibility of genetic analysis has not 
yet been fully exploited. in the study of phenol oxidase. 
Genetic analysis of biochemical mechanisms in Drosophila is 
frequently impeded by the difficulty in relating biochemical 
function to easily screened mutant phenotypes. Phenol oxi-
dase may represent the fortunate case of an enzyme whose 
modification affects external structures. It would be of 
particular utility to isolate strains with altered A com-
ponents. The brief survey of mutant strains reported in the 
present work failed to reveal any electrophoretic variants 
of the A components. This survey could be easily extend.ea 
to include many additional strains which have cuticular 
abnormalities. The strain alpha isolated by Lewis and Lewis 
bears further investigation (127, 128). They proposed that 
the alpha gene affects the primary structure of phenol oxi-
dase since the enzyme prepared from this strain was more 
thermolabile than that from wild type. The alpha strain 
could be cultured on a mass scale and used as a source for 
the purification of A components. Lewis' and Lewis' claim 
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could then be verified and related to a specific protein 
component. Of course, the possibility discussed above, that 
the minor form of A1 found in wild type 1s due to genetic 
variation should be tested. A search of wild type strains 
might well reveal eleotrophoret1o variants or the A compon-
en ts. 
The regulatory mechanisms available for the control of 
cut1cular hardening and darkening are quite complex. Two 
main levels of control can be perceived, the substrate level 
and the enzyme level. At the enzyme level, regulation of the 
A components may be achieved through control of their syn-
thesis, transport, and activation. The quantity and quality 
of the active enzyme would depend on the absolute and rela-
tive amounts of the various A components. An enzyme rich 
in A1 would have a high specific activity on monophenols 
while an enzyme rich in A2 and A3 would act chiefly on 
d1phenols. Analysis of genetic mosaics has shown that the 
epidermal cells underlying a given patch of cuticle regulate 
the pigmentation of that region of the cuticle (152). One 
way this may be accomplished is through the secretion of 
specific quantities of each A component into the cuticle. 
Regulation of the activating factors is clearly a key step 
in the control of phenol oxidase activity. Here, the 
critical reaction seems to be the activation of Pre-s. 
Further understanding of phenol oxidase regulation depends 
on the. study of Pre-S activation. The tissue looa11zat1on 
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of s-act1vator and active S must be known before a deta1le~K 
description of the !n vivo activation process will be po8si-
ble. At the present time, it appears that syn.thesis or re-
lease of a small quantity of s-act1vator could trigger the 
entire phenol oxidase activation process. An analogy may be 
drawn with blood. clotting which is the result of a cascade of 
limited proteolytic steps {150), Thus, phenol oxidase act~­
vation may be conceived of as the output of a biochemical 
amplifier. The gain of this amplifier may be sufficiently 
large to present serious technical obstacles to the analysis 
of the input stage. The amplification of minute chemical 
signals may be common 1n development, and experimental study 
of such phenomena may be difficult. 
At the substrate level, the qualitative nature of the 
substrate, its amount and time of synthesis certainly in-
fluence the course of hardening and darkening. Here again 
the epidermal cells are important, probably by directing the 
pathway of substrate metabolism. For example, the N-acetyl-
ation of dopamine would favor sclerotization over pigmenta-
tion. The details of phenolic substrate metabolism must be 
clarified before the regulation of hardening and darkening 
can be understood. It is likely that hormonal factors are 
involved at both the enzyme and substrate levels of regulation. 
The facility of both genetic and biochemical analysis in 
Drosophila provides excellent opportunities for further 
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